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PREFACE 


Alt ^ - -he subjec - 

plants have attracted wide mterest 3 h he vo i um e of knowledge 
activity of investigators has been such that^^ ^ ^ field ^ 

has increased with great rapidity. ™ b ^ he National Phosphorus 

been followed closely in the United S ' J 1948 b the National 

Research Work Group, which was appointed in^ J * surve y, 

Soil and Fertilizer Research Committee, thp State Agricultural 

c.-ordta* and review ,he research °' f J,' ‘ S Deper.men. 

Experiment Stations and the re < ‘ vari a( i decided that it would be 

this in,La. 

;“he Symporium C—ee, which, w.srespon- 
sible for the planning of the program, the s ^ eCtl0n , 0 w ^ s R „ scoe E 

s :££££ * ^ 

wooi, A. R. Midgley, L. G. Mon,hey, W. L. Nelson, Enc Wtn.ers and 

W H Pierre, Chairman. . • • _ _• r 

' The Symposium was held at Urbana, Illinois, at the invitation of 

the University of Illinois, on August 26-28, 1952 under the sponsor¬ 
ship of the American Society of Agronomy, the Soil Science Society o 
America, and the National Soil and Fertilizer Research Committee. 

This monograph was planned concurrently with the organization 
of the meetings. The authors of the respective chapters were the 
speakers at the Symposium; this volume is not, however, limited to the 
proceedings of the Symposium, nor do the chapters constitute a ver¬ 
batim record of the presentations. Much additional material which 
could not be given orally because of time limitations is included herein 
with full citations of the original sources. For bibliographic reasons the 
undersigned have been designated as editors, though it will be apparent 
to any reader that the volume should properly be credited to the twenty- 
nine authors. 


W. H. Pierre, Ames, Iowa 

A. G. Norman, Ann Arbor, Michigan 


September 1953 




introduction 


w. H. Pierre . 

Fanners and agricultural ha " j”rc^^ction. Bone, 

portant role of soil and tenter use d in Great 

■ha fe- to C nt "r!,s i Seared steadily and about 100 ye«s 

Britain as early as 1774. quantities of bone from the 

ZSS2 the^ noted Gertn.n d—. nrote 

with some alarm: 


h some aicuxu. , . 

-Bug- is robbing all other countn* d £ ‘ 

fertility- Already in her '“^(teSSi already 

“SlrnKsicUy she hai cerr.ed away the skeletons ot 
many successive generations. 

And in this country about forty ye*" «8» "" »»“ d »»»■—• 
C. R. Van Hise wrote: 


. v ax* - 

“Th P nroblem of the conservation of our phosphates is the most 
J te most important, the most far-reaching with reference 
JoTe future of this nation of any of the problems of conservation. 


Experience had shown that many soils in this country were de¬ 
ficient in phosphorus and that the use of phosphate fertilizers often 
materially increased crop yields. But little basic information was known 
forty years ago about such problems as the phosphorus status of 
different soils, the soil-plant relationships in the phosphorus nu^io 
of crops, and the comparative value of different phosphorus fertilizers. 
Neither was there knowledge of the large phosphate deposits later dis¬ 


covered in Florida and several of our western states. 

Phosphate fertilizers formed the backbone of the fertilizer industry 
in the United States almost since superphosphate was first produced 
from South Carolina phosphate rock in 1868. But the total consumption 
in 1900 was only 246,000 tons (P 2 0 5 equivalent). By 1920 it had 
reached a total of 640,000, and by 1940, 894,000 tons. The really 
large expansion in consumption, however, has come in the past 
fifteen years. In 1950, 2,434,000 tons (PA) were used in this 
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country and it has recently been estimated that the requirements 
during the next 10 to 15 years may increase to twice this amount. 

It is probably not without significance that this rapid expansion 
in phosphorus fertilizer use follows and coincides with a marked ex¬ 
pansion of research. During the 1935-1950 period, for example, a 
total of 673 major articles was published in the field covered in this 
monograph by research workers in the United States alone.* Two- 
hundred and forty of these related to studies of phosphorus fertilizer 
resources, the mining and engineering technology of fertilizer produc¬ 
tion, and the broad aspects of fertilizer consumption; whereas the re¬ 
mainder, or 433, dealt with research on soil phosphorus, soil-plant re¬ 
lationships and phosphorus fertilization. 

There is little doubt that a large and valuable body of knowledge 
in this broad field has been developed in the past 25 years. Marked ad¬ 
vances have been made in our understanding of the phosphorus reac¬ 
tions in plants and soils, of the phosphorus needs of different soils, and 
of the many problems related to the production and efficient utilization 
of soil and fertilizer phosphorus in crop production. This has resulted 
in part from our better understanding of soil chemistry and plant 
nutrition, the improvement of analytical methods, the refinement of 
design of field experiments and the greater use of statistical methods 
in interpreting experimental data. 

As with most rapidly advancing fields, however, there is need 
occasionally to make a comprehensive and critical analysis or evalua¬ 
tion of the present state of our knowledge. This is especially true where 
the field of study is as broad and involves as many workers in differ¬ 
ent specialized areas or disciplines as does the field of soil and fertilizer 
phosphorus. Moreover, there is often a need for a panoramic as well 
as a keyhole view of the problems if gaps in the knowledge are to be 
uncovered and further progress realized. It was with these objectives 
in mind that the National Phosphorus Research Work Group planned 
the National Phosphorus Symposium and it was with these objectives 
that the authors of the various chapters of this volume undertook their 
task. 

The wide scope of the problems relating to soil and fertilizer phos¬ 
phorus in crop nutrition dealt with in this monograph is indicated by 
the titles of the various chapters. In general, the chapters can be con¬ 
sidered under six major groupings, although these groupings are by no 
means mutually exclusive. 

* Listed in the report of the National Phosphorus Work Group, entitled, “Sum¬ 
mary of Phosphorus Research in the United States Relating to Soils and Fertilizers.” 
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INTRODUCTION 

The first two chapters deal with fjn plant nutrition, 

>“ d rs^X“ ra S£ 

rrS£°— o” C p.t.-.vai.^ phosphorus found in 

"S°o,”fse..n to ten, tnclusi.e, deal more specifically with the 
mine and use of phosphorus tetiteoavailabil- 

oT ™*e and'applied 'phosphorus, and the laboratory evaluat.on ol 

"^eSToup'^blems, covered in chapters eleven and 
M «™ «“te. to our P pho,phoru, fertiliaer resomcest the drstn u„ „ 

&“, d .=c tZ — 

nrnduction in tli€ United States. , 

P In the last three chapters the more general problems of phosphorus 

fertilizer use are considered in relation to the phosphorus status o 
soils crop requirements and potential fertilizer needs. The situation in 
the United States is first considered. Then, in view of the tremendous 
potential importance of phosphorus in world food production, a general 
analysis is presented in the final two chapters of phosphorus fertilizer 
needs in other parts of the world in relation to present fertilizer pro- 
duction and consumption. 
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Chapter I 

The Physiology and Biochemistry of 
Phosphorus in Green Plants 

DANIEL I. ARNON 


I. Introduction 

The purpose of this review is to survey the utilization of 
by higher plants, including its absorption by the roots, movement and 

distribution within the plant, and participate in the rae ^°^ C ^ 
lions of the cell. Phosphorus has long been recognized as an essen 

constituent of all living organisms. In recent years, great advances h 
been made in the understanding of the physiological function of phos¬ 
phorus in the conservation and transfer of energy in the metabolic re¬ 
actions of living cells. Since this newer knowledge of the role of phos¬ 
phorus in biological energy transformations has seldom found its way 
to agronomic literature, it will be necessary to introduce certain con¬ 
cepts and definitions which some readers will find superfluous. The 
present discussion will draw freely on the many excellent sources 
(Lipmann, 1941, 1951; Kalckar, 1941; Colowick, 1951; Kaplan, 1951; 
McElroy and Glass, 1951), to which the reader is referred for a full 
coverage of these important advances in biology. Only a selective treat¬ 
ment will be possible of the biochemical phases of the subject, which 
have already attained vast ramifications. 


II. The Absorption of Phosphorus by the Plant 

1. The Significance of Water-Soluble Phosphate in Soils 

Phosphorus is absorbed by plants chiefly as the orthophosphate ion. 
A characteristic feature of phosphate absorption from soils is the ability 
of the plant to accumulate and maintain a high concentration of inor¬ 
ganic phosphate within its tissues, despite the low concentration of this 
ion in the soil solution. As shown by Pierre and Pohlman (1933) and 
others, the concentration of inorganic phosphate in the cell sap is fre¬ 
quently several thousand times higher than that in the displaced soil 
solution (Table I). 
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TABLE I 

Phosphate Concentration of Cell Sap of Corn and of Displaced 

Soil Solution* 


Plant 

No. 

In plant sap, p.p.m. 

In soil 
solution 

( inorganic), p.p.m. 

Concentration 

factor 

Inorganic 

Organic 

Total 

1 

190 

82 

272 

0.10 

1900 

2 

171 

99 

270 

0.31 

552 

3 

154 

50 

204 

0.06 

2567 

4 

85 

47 

132 

0.07 

1214 

5 

149 

44 

193 

0.03 

4967 

6 

179 

11 

190 

0.14 

1278 

7 

154 

22 

176 

0.09 

1711 

8 

309 

132 

441 

0.17 

1818 

9 

$59 

104 

363 

0.09 

2878 


* After Pierre and Pohlman (1933). 


An adequate phosphorus nutrition implies that the soil is able to 
supply this element to meet the requirements of the plant at all stages 
of its growth and development. It is obvious that, to insure an adequate 
total supply from the characteristically low concentration in the soil 
solution, repeated restoration of the water-soluble phosphate in soils is 
necessary. The water-soluble phosphate in the soil is in equilibrium 
with the phosphate in the solid phase. Given an adequate reservoir of 
phosphate in the solid phase, the speed with which equilibrium between 
the solid and liquid phase is attained can be taken as an indication of 
the supplying power of a soil for phosphorus. The attainment of this 
equilibrium is extremely rapid in most soils. The concentration of phos¬ 
phate in the displaced solutions from soils of known acceptable produc¬ 
tivity is often extremely low; it is, however, seldom below 0.05 p.p.m. 
and rarely above 10 p.p.m. (Teakle, 1928). In conventional nutrient 
solutions phosphate is usually supplied in concentrations of the order 
of a hundred or more parts per million and the concentration of inor¬ 
ganic phosphate in the plant sap (Table I) is usually from one hundred 
to several hundred parts per million (Tidmore, 1930; Pierre and 
Pohlman, 1933). It was legitimate, therefore, to inquire whether plants 
are able to absorb sufficient phosphate from the very low concentrations 
in the soil solution to meet the physiological requirements of rapid 
growth. A negative answer to this question would lead to the conclusion 
that the water-soluble phosphate of soils cannot be regarded as the prin¬ 
cipal source of supply, even if it were granted that a rapid equilibrium 
existed between the phosphate of the liquid and solid phase. An 



uttmTSTRY OF PHOSPHORUS IN PLANTS 
biochemistr direct utilization of 

- +f~ 

technique. The general objective compatible with maximum 

phate concentration in a nutnen veral representative species 

plant growth. One procedure wa to ^ ^ conC entrations. 

of crop plants in nutrient solutio^ within nar row limit, by 

The concentrations were relation t0 the number of plant 

the use of large volumes of solutions flo culture so l u t.ons. Al- 

grown. Another procedure in the adequacy of the experimental 

though these investigations concordant in establishing the 

«h£q»» used,'bey rt7Sph»“ <*» “ ttm '! y 

fact that crop plants were ^ support maximal growth, 

dilute solutions at rates sufficien > P f phosp hate was 

Hoagland and Martin (1923) Soy■ P.'rta and Pie™ (1928) 

sufficient to give favorable gr° h y at a concentration of 0.10 

found that corn made “ ax ™“ f d was maintained throughout 
p.p.m. of phosphate, ! a obtained maximum growth of 

the growing period; and T.dm I of phosphate . It was thus 

com, sorghum, and tomatoes , > P absorption by higher plants 

made clear that the efficiency of phosphate absorpUo y « H 

did not fead to the universal acceptance of the view that the soil solu 
tion is the sole direct source of phosphate for crop growth^t was poin ed 
out bv Parker (1927), and later by Parker and Pierre (1928), that 
displaced solution of several productive soils had a phosphate concen a- 
tion lower than those found necessary for maximum growth in nutrient 
solutions. Thus, Parker and Pierre (1928), who obtained maximum 
growth of com at 0.10 p.p.m. phosphate in nutrient solutions drew 
attention to several instances of productive soils whose displaced solu¬ 
tions contained only from 0.05 p.p.m. to a trace of phosphate Likewise, 
Tidmore (1930) reported the results of an experiment in which plants 
grown in a soil having a displaced soil solution containing from 0.02 to 
0.03 p.p.m. made better growth than those grown in culture solutions 
at 0.1 p.p.m. phosphate. The conclusion reached by these authors was 
that the water-soluble phosphate as found in the displaced soil solution 
could not by itself account for the phosphorus supply to crops. They in- 
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voked an additional mechanism, that of root-soil contact, to explain 
phosphate absorption from soils. The nature of this mechanism was not 
specified, but it was envisaged as being distinct from absorption from 
the soil-solution phase. 

In recent years, discussions of soil phosphorus accorded a prominent 
place to the anion-exchange concept (see review by Dean, 1949). It 
was found by several workers that phosphate ions fixed by soils can be 
displaced by such anions as hydroxyl, fluoride, arsenate, and silicate. 
The concept of anion exchange, unlike that of cation exchange, is con¬ 
fined to only one macronutrient, phosphate; nitrate and sulfate are not 
similarly adsorbed by the soil minerals. The mechanism of anion ex¬ 
change in soils is beyond the scope of the present review, but as for the 
assessment of the possible contribution which anion exchange may 
make to phosphorus nutrition of crops, it is sufficient to state that it is 
one of the processes involved in the transfer of phosphorus between the 
solid and liquid phases of the soil. McAuliffe et al. (1947) studied with 
tracer techniques the exchange equilibrium of phosphate and hydroxyl 
ions between soil surfaces and solution. They found that only a small 
fraction of the phosphate presumed to be held as exchangeable anions 
was capable of rapid equilibration with the phosphate ions in the soil 
solution. On the other hand, the exchangeable cations on the soil min¬ 
erals are highly mobile and attain rapid equilibrium with the cations 
in the liquid phase. Thus, there appear to be important differences be¬ 
tween anion and cation exchange in soils. As opposed to the concept of 
cation exchange, the phenomenon of anion exchanges in soils does not 
seem to offer a basis for envisaging a contact exchange mechanism for 
the absorption of phosphate. 

A survey of the work on phosphorus in the last twenty years brings 
to light no new concepts or facts which have advanced our understand¬ 
ing of the mechanism of phosphorus absorption by plants grown in 
soils. The physiological basis for understanding the absorption of phos¬ 
phate ions by roots was established by the already cited work of Hoag- 
land and Martin, Parker, Pierre, and Tidmore. It appears in retrospect 
that the interpretation of their work suffered from a misplacement of 
emphasis. Insufficient weight was given to their positive findings about 
the efficiency of higher plants in absorbing phosphate at rates com¬ 
patible wdth maximum growth from extremely dilute nutrient solutions 
in which the concentration of phosphate was of the same order of mag¬ 
nitude as in most soil solutions. On the other hand, undue emphasis was 
placed on the few exceptions in which good crops were obtained in soils 
whose displaced solutions contained phosphate in concentrations lower 
than minimal in nutrient solutions. When it is recalled that these ex- 
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periments were carried out before the .^°P t ^" i ° f U e 0 ^ e growing P plants, 
Refinements in the nutrient solven t chmque oj^ A 

it is indeed surprising that ese * compelling arguments against 

r-ssiS£ - ph ” phOT " ! 

£r plants grown under naturalconditionsj m*n£ work of 

Fresh support for this condusiontsfoimd m the water . 

Bingham (1951). Bingham investigated the ^ for , his nutr ient 

soluble phosphate in soils and their supp p g P as indicat0 r 

as measured by pot tests with Response of the same 

plants. These data were » growth of the 

soils to phosphate fertilization in fold andjnth m gr 

indicator plants in flowing nutrient ^ons m whmti , V V 

concentration was kept constant. The anal- 

fiolrl nlnt tests and nutrient solution cultures. _ 

,10) « a standard last for essaying the phosphonts 
He applied this test to 300 California soils, which were then used 
r £ cu ] ture tests with romaine lettuce. For each soil, comparison 
^*r»,2, S po,s fertilized with NPK and NK and ,h, rel.nve 

yields, P„%, were expressed as 

P'% = ^ x 100 


Bingham found that soils which had more than 1 p.p.m. PO, in the 
water extract test gave invariably high relative yields in both pot cu - 
ture tests and field experiments and did not respond to phosphate fer¬ 
tilization (Fig. 1). Of special interest is a comparison of these results 
with those in the flowing nutrient solution. A recomputation on a rela¬ 
tive yield basis of Bingham’s data for lettuce grown in nutrient solutions 
is shown in Fig. 1. Excellent agreement is apparent between the rela¬ 
tive yields in soil at a given level of water-soluble phosphate and the 
r^ative yields at the corresponding level of phosphate concentration in 
the nutrient solution (Fig. 1). 

The data of Bingham provide additional support for the concept 
that phosphorus nutrition of plants grown in soils can be explained by 
the action of the water-soluble phosphate without the necessity of in¬ 
voking any auxiliary mechanism. It will be noted that the new evi¬ 
dence, unlike that in the earlier experiments, is based, not on phosphate 
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levels of displaced nutrient solutions, but on phosphate concentrations 
in equilibrium water extracts of standardized, reproducible soil tests. 

The Bingham water-soluble phosphate test was recently used by 
Martin and Buchanan (1950) on 159 soils as a means of predicting 
responses of grain crops to phosphate fertilization in the field. Soils 
which gave a phosphate test of less than 0.3 p.p.m. responded in 95 



Fig. 1. Relative yields of lettuce in relation to phosphate concentration in nutrient 
solutions and water extracts of soils. Dots represent analyses of 1:10 water extracts 
of individual soils; crosses represent phosphate concentration in the nutrient solutions 
(after Bingham, 1951). 

per cent of the cases to phosphate fertilization. Soils which gave a phos¬ 
phate test above 0.4 p.p.m. failed in 95 per cent of the cases to respond 
to phosphate fertilization in the field. 

2. Effect of Other Ions 

Phosphate is one of the three macronutrient anions absorbed by 
plants. The absorption of phosphate would be expected, therefore 
(Hoagland. 1943), to be depressed by the presence in the nutrient 
medium of high concentrations of rapidly absorbable anions and to be 
increased by an increase in the concentration of rapidly absorbable 
cations. An appropriate experimental design for testing these interionic 
effects on phosphate absorption is provided by a comparison of am¬ 
monium and nitrate ions as the sole sources of nitrogen for plants 
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(Anion, 1939). The 

competition with the rapidly of ^^gen introduces a rapid y 

the use of ammonium_ as theso ^ and acco mplishes the removal 

absorbable cation m the nume ^ ammonium culture the rapidly 
of a competing anion, mtra . j ly absorbable sulfate anion. 

An analysis of barley plants gr° wn had a higher content of 

SoVr«v„l.d .h.. >he “—“iTdry weigh, bad,) lh.» .h. 

I«»l phosphate (as expressed =^*P ^ ^ obse „.do». on the «- 
SS.ff.sp'Se-.'bsorph.n in soils bp he.vp «< 

“Tin^hon-1. 

nutrients was brought to bg ^ absorption was materially in- 

investigalors found *»' “>£““ ^L.Son of .he nndien. 
creased by mcreasmg the phospna and molybdenum was 

Sum- Ms relanonshsp » pi wa , Ud .o hold 

observed both m soils an experiments, but also in longer 

true not only in ^T^eT^o^ZtuAy. The relation be- 
experiments in which plants 8F be of special phys- 

SafsiSlS iSnct «**. ^ 

- *• 

concentration. 

3. Effect of pH 

In considering the effect of pH on the absorption of phosphate it is 
• tpndpd to confine the discussion to nutrient solution experiments in 
Th te effecu of hydrogen ion concentration can be interpreted in 
Znns of a single variable. In one such investigation (Arnon and Johm 
L 19421 tomato lettuce, and Bermuda grass were grown m a senes 
TnS SI maintained a pH .hrongh.u, a range 

from 3 to 9 At the extremes of the range, pH 3 and pH 9, growth failed, 
the decline being more complete at the low pH. An investigation was 
then instituted to determine whether a possible cause of the failure of 
plants to grow at the extreme pH values was their inability to absorb 
nutrient ions. The technique involved growing plants for several weeks 
under favorable conditions with respect to nutrients and then placing 
the plants in a series of nutrient solutions, each maintained at a differ¬ 
ent hydrogen ion concentration, and determining the absorption of in¬ 
dividual nutrient ions over relatively short periods of time (Arnon, 
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Fratzke, and Johnson, 1942). The results, shown in Fig. 2, are of spe¬ 
cial interest as far as absorption of phosphate at pH 9 is concerned. 
With all plants there was a sharp decline in phosphate absorption at 
that hydrogen ion concentration. The absorption of phosphate in the 
remainder of the pH range from 3 to 8 showed no distinct trend. The 
failure of plants to absorb phosphate at pH 9 in short-time absorption 



Fig. 2. Influence of pH of nutrient solution and time on the absorption of phosphate 
by tomato, lettuce, and Bermuda grass (Amon, Fratzke, and Johnson, 1942). 


experiments was concordant with the visual symptoms, strongly resem¬ 
bling phosphate deficiency, which were noted in the plants’ growth at 
this pH for longer periods of time (Arnon and Johnson, 1942). What¬ 
ever other causes there may be for the failure of plants to grow at pH 
9, the inability of plants to absorb phosphate at this pH would suffice 
to account for the deleterious effects on growth observed at this hydro¬ 
gen ion concentration. 

The failure of plants to absorb phosphate at pH 9 may perhaps be 
related to ionic form. Within the range of pH favorable for plant 
growth, phosphate exists in solution predominantly as the monovalent 
H 2 PO 4 - ion. At pH 9 the dominant ionic form of phosphate is the 
divalent HP0 4 =. 
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HI. Distribution of Phosphate in Tissues and Organs 

1. Upward Movement through the Plant 

The advent of radioisotopes has made it,P osslb j c ^.’fphosphate 
controversy about the path of movemen vvi » P hgve shovvn b y 
absorbed by the roots. Stout and Hoagland hatp abs orhed 

means of well-designed experiments with p p . Th upvvart | 

bv the roots is distributed in the plant through the xylenrlhe p^^ 
movement of phosphate through the xvlem which is prec l u( le 

for the distribution of newly absorbed phosphate does n 
secondary migrations or redistributions of phosphate in the plan, 
through other channels. Biddu.ph (1951) has presented evidence for 
the downward migration of phosphate through the phloem and has 
discussed the significance of this mechanism to the phosphate economy 

of the plant. 


2. Distribution as Governed by Physiological Need 

Unlike certain inorganic nutrients such as calcium, phosphate has 
long been observed to be a mobile nutrient within the plant. Phosphate 
does not remain fixed in the cell or tissue in which it was originally 
deposited but is able to move from one site to another. There is abun¬ 
dant evidence for formulating a general rule which seems to govern 
the redistribution of phosphate within the plant. The requirement for 
phosphate is highest in the youngest cells or those characterized by 
a high rate of metabolic activity. When the external supply of phos¬ 
phorus becomes limiting, there occurs a redistribution of the phosphorus 
already contained in the plant; phosphate is withdrawn from the older, 
metabolically less active cells and moves into the younger, metaboli- 
cally more active cells. This phenomenon is readily demonstrated in the 
case of an induced phosphate deficiency. The symptoms of distress are 
first observable in the older, lower leaves. This circulation of phosphorus 
within the plant in accordance with a distinct “physiological priority" 
pattern has agronomic significance. Plants such as cereals, which are 
characterized by a determinate type of growth, do not require a con¬ 
tinuous supply of phosphorus during their life cycle. The phosphorus 
absorbed in the early stages of growth and deposited in the vegetative 
tissues is redirected to the seed, at the stage of its active formation. 
Thus, Gericke (1924) found that the full requirements of wheat plants 
for phosphorus could be satisfied by supplying phosphate to the plants 
during only the first four weeks of their grow th. Normal seed develop¬ 
ment occurred in a minus-phosphate nutrient medium on which the 
plants were placed subsequently. In plants such as the tomato, having 
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an indeterminate type of growth, characterized by a succession of new 
vegetative and fruit tissues, a somewhat different, but still consistent, 
pattern of phosphate distribution is observed. Arnon and Hoagland 
(1943) grew tomato plants for five weeks in complete nutrient solutions 
amply supplied with phosphate, until the emergence of the first flower. 
Plants were then selected for uniformity and were divided into two 



Fig. 3. Contact radioautograph of transverse section of tomato fruit at various 
stages of development. The fruits were removed at the same time after the introduc¬ 
tion of radioactive phosphorus to the nutrient solution. Vertical column at the left 
represents sections of 9 small green fruit, the lower three horizontal columns are 
sections from a large green fruit, and the upper two horizontal columns are sections 
from a fully ripe fruit. The intensity of the images is in direct proportion to the 
concentration of radioactive phosphorus absorbed by the fruit (Arnon, Stout, and 
Sipos, 1940). 

groups, which were placed in nutrient solutions with and without 
phosphate. Within the plus- and the minus-phosphate cultures, certain 
plants were allowed to form fruit while others were deflowered. It was 
found that in the minus-phosphate cultures the fruiting plants formed 
fruit at the expense of the phosphate absorbed by the vegetative tissues 
during the first five weeks. However, the total growth was severely 
restricted, being only one-fifth of that of the corresponding plants grown 
in the plus-phosphate solutions. The deflowered plants in the minus- 
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tissues in both the fruiting and the deflowered p an J t new 

phosphate migrated to new fruit tissue, and, m the 

^^nS relationship is illustrated in 

use of radioactive phosphorus (Arnon, Stout, a ^S P ^ solu . 

plants were grown up to the fruiting stage P opment . The 

Sons. The vines had Breen frui. m iZJdMo mi »us- 

addition of P 32 0 ( . It was found that the concenteabo ph P 

in Fig. 3. As for the distribution of newly absorbed phosphate in the 

TABI.F. It 

Absorption of P”0. (p.p.m. Dry Wt.) by Fru.t-Bear.no Tomato Plants Kept 1*k.or 
to Test w a Complete Nutrient Solution __ 

Restricted external Liberal external 

P**Oi supply, 23 p.p.m. P i2 0 A supply, 192.3 p.p.m. 


Absorption time, 
days 


Absorption time, 
days 
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leaves, significant differences were observed between the plants at the 
two levels of phosphate supply. As shown in Table II, given a liberal 
phosphate supply, both the leaves and the fruit showed a gain in phos¬ 
phorus. With the restricted supply, phosphate was withdrawn from the 
leaves and transported into the fruit. Under these conditions, the devel¬ 
opment of the fruit proceeded at the expense of the vegetative organs. 

IV. Phosphorus Deficiency Symptoms 

As with other nutrients, some of the symptoms associated with 
phosphorus deficiency are not specific. The growth of both shoots and 
roots is greatly reduced and the growth habit is often upright and 
spindly; premature defoliation beginning with the older leaves is com¬ 
mon; lateral shoots are few in number and lateral buds may die or re¬ 
main dormant; blossoming is greatly reduced with consequent poor 
yields of grain and fruits; the opening of buds, leaves, and blossoms in 
the spring is delayed. One of the most common diagnostic aids in iden- 
tifying phosphorus deficiency is the color of the foliage. In many plants 
phosphorus deficiency is recognized by the purple, and sometimes 
bronze, tinge of the leaves, which are generally characterized by a dull, 
bluish green color with purple or brown spots. Leaf margins may show 
brown scorching. Although the purple tinge of the foliage is character¬ 
istic, it is not an infallible guide to the identification of phosphorus de¬ 
ficiency. A modification of the anthocyanin pigment metabolism by 
other causes sometimes produces similar effects. 

V. Phosphorus Compounds in Plants 

1. Inorganic Phosphate 

Phosphate, unlike the other two macronutrient anions, nitrate and 
sulfate, is not reduced in the plant. It is found in plant as well as in 
animal tissue as a phosphate radical, never as phosphite or elemental 
phosphorus. Phosphorus exists in plants as both the inorganic phosphate 
ion and in combination with organic compounds, the most important 
of which will be discussed below. Inorganic phosphate occurs in rela¬ 
tively large amounts in the vacuolar sap (Table I). Phosphate is a com¬ 
ponent of the buffer system of plants. The physiological significance of 
the inorganic phosphate in cellular metabolism will be discussed in 
subsequent sections of this article. 

2. Phospholipids 

Among the organic compounds of phosphorus, the phospholipids or 
lipids containing phosphorus have long been known as components of 
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form of calcium and magnesium salts known as phytin. Phytin serves 
as the storage form of phosphate in seeds which contain very little in¬ 
organic phosphate. On germination, phosphate from phytin becomes 
available for the phosphorylation reactions in the metabolism of the 
seedling (Albaum and Umbreit, 1943). Phytin has also been found in 
peanuts, peas, potatoes, and carrots (McCance and Widdowson, 1935). 
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4. Phosphorylated Sugars 

The oxidation of hexoses in respiration and in reverse their forma¬ 
tion in photosynthesis has long been represented by the familiar equa¬ 
tion: n 


C«H 12 o# + eo 2 = OCOj + 0H X O 

This equation as written shows no participation of phosphate in the re¬ 
action. Yet, one of the great advances of the present century in the 
understanding of the chemistry of life phenomena has been the demon¬ 
stration and elucidation of the role of phosphorus in carbohydrate 
metabolism. The story began in 1905, when Harden and Young found 

at m the fermentation of glucose by yeast juice, inorganic phosphate 
was being consumed. Soon thereafter specific sugar phosphate esters 
were identified, and from the work of many investigators gradually de¬ 
veloped an understanding of the carbohydrate transformations in living 
cells. It was found that free sugars are not used directly in cellular 
metabolism. They are first converted into phosphate esters which 
undergo a series of stepwise transformations. The reaction for the oxida¬ 
tion of glucose, as written above, was shown to be an overall summa¬ 
tion of many distinct reactions, each catalyzed by an individual 
enzyme. 

It was found that the metabolism of glucose in all living organisms 
included an anaerobic phase, referred to as the glycolytic cycle, during 
which one molecule of glucose is split and dehydrogenated to two mole¬ 
cules of pyruvate. (The strict definition of the glycolytic cycle or gly¬ 
colysis includes also the reduction of pyruvate to lactate.) Pyruvate is 
then further oxidized to carbon dioxide and water as in the case of 
aerobic cells or, as in yeast fermentation, it is transformed to alcohol 
and C0 2 . The transformation of sugar to pyruvate is shown in Fig. 4. 
Each of the steps involves a phosphorylated compound and each trans¬ 
formation is catalyzed by a specific enzyme. The evidence for the oc¬ 
currence in green plants of these phosphorylated intermediates and 
their corresponding enzymes will be found elsewhere (Albaum, 1952- 
Stumpf, 1952a). 

The glycolytic cycle, also known as the Embden-Meyerhof scheme, 
is recognized as the principal initial pathway of carbohydrate metab¬ 
olism. The main features of the glycolytic cycle, as represented by the 
series of reactions in Fig. 4, are that the hexose molecule is doubly phos¬ 
phorylated by reactions 3 and 5, split into two trioses by the aldolase 
reaction 6, and the triose molecule is oxidized by reaction 8 with a 
simultaneous uptake of inorganic phosphate. The resulting diphos- 
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Enzymes 

(1) Phosphorylase 

(2) Phosphoglucoroutase 

(3) Hexokinase 

(4) Phosphohexoisomerase 

(5) Phosphofructokinase 

(6) Aldolase 

(7) Isomerase , . 

(8) Glyceraldehyde phosphate 

dehydrogenase . 

(9) Phosphoglycenc acid kmase 

(10) Phosphoglycenc acid mutase 

(11) Enolase 
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+DPN 
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+DPNH 
(or TPNH) 
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1,3-Diphosphoglyceric acid 
(®) 

+ADP +ATP 
3 -Phosphog yceric acid 
( 10 ) 

2 -Phosphoglyceric acid 

(ID 

Phosphoenorpyruvic acid 
( 12 ) 

+A1>P +ATP 
Pyruvic acid 

Fig. 4. The glycolytic cycle. 


that, in aerobic metabolism as well, the oxidation of glucose to carbon 
dioxide and water involves first the transformation of glucose to 
pyruvate by the anaerobic glycolytic pathway. There is increasing evi¬ 
dence, however, that under aerobic conditions an alternative pathway 
for the breakdown of glucose-6-phosphate, as shown below, may be of 
considerable importance (Horecker, 1951; Cohen, 1951). 
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Glucosc-6-phosphate 

+tpn| 

O-Phosphogluconatc 
+TPN11 +TPNH 

-coiji +co* 

Ribulose-5-phosphatc 

ll 

• Ribose-5-phosphnte 

i 

Triose phosphate + “Diose” 

This scheme involves first an oxidation of glucose-6-phosphate to 6-phos- 
phoglucolactone (Lipmann, 1951) 


C IICOH IIOCH HCOHHC CI1 2 0 PO,“ 

-o_/ 


by a TPN-specific dehydrogenase. The 6-phosphogluconic acid that is 
formed by the hydrolysis of the lactone is oxidatively decarboxylated 
by another TPN-dependent enzyme to a keto pentose sugar, ribulose-5- 
phosphate. The ribulose-5-phosphate is slowly converted by a pentose 
phosphate isomerase into ribose-5-phosphate. The pentose phosphate is 
cleaved into a triose phosphate and an as yet unidentified two-carbon 
fragment designated as a “diose.” The triose phosphate is then available 
for hexose synthesis by the aldolase reaction (Fig. 4). The full sig¬ 
nificance of the oxidative pathway for glucose degradation cannot be 
determined at this time. It is clear that it provides a mechanism for 
pentose formation, but it may have other functions in carbohydrate 
metabolism. There are indications that this oxidative pathway is opera¬ 
tive in green plants. 


5. Nucleoproteins and nucleic acid 

Nucleoproteins constitute a group of organic phosphorus compounds 
of special significance to all living cells. As their name implies, these 
compounds are especially associated with cell nuclei. Nucleoproteins 
are conjugated proteins, that is, combinations of simple proteins, gen¬ 
erally of basic character, with nucleic acid. Nucleic acid is a complex of 
purine and pyrimidine bases, sugar, and phosphoric acid. Nucleopro¬ 
teins are most intimately concerned with cellular organization, func¬ 
tion, and reproduction. They constitute a large part of the nucleus and 
are also present in the cytoplasm. They are constituents of chromosomes 
and genes and are thus intimately concerned in the transmission of 
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Nucleoside 
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The sugar present in yeast nucleic acid has been idenhf.ed « d 
ribose and that in thymus nucleic acid as p-2-desoxynbose. The purine 
bases o? yeast and thymus nucleic acid are guanine and adenine. The 
pyrimidine bases of yeast nucleic acid are cytosine and uracil and those 

of thymus nucleic acid are cytosine and thymine. 

Tte nomenclature of nucleotide and nucleosides will be briefly re 
viewed here, since it is important for the discussion of the metabolic 
role of phosphate that is to follow. These compounds are designated ac¬ 
cording to the specific purine or pyrimidine base which they contain. 

Thus, 

Adenine nucleotide (Adenine + Sugar + Phosphoric acid) - Adenylic acid 
Cytosine nucleotide (Cytosine + Sugar + Phosphoric acid) = Cyt.dyhc acid 

The corresponding nucleosides are 


Adenine nucleoside (Adenine 4- Sugar) — Adenosine 
Cytosine nucleoside (Cytosine + Sugar) = Cytidine 

Since the sugar of a nucleotide or a nucleoside may be either ribose or 
desoxyribose, the corresponding designations become ribonucleotide or 
desoxyribonucleotide and ribonucleoside and desoxyribonucleoside or, 
for the nucleic acid as a whole, ribonucleic and desoxyribonucleic acid. 
It was believed at one time that plant nucleic acid was of the yeast or 
ribonucleotide type and that animal nucleic acid was of the thymus or 
desoxyribonucleotide type. At the present time, it is recognized that 
both types of nucleic acid occur in the nucleoproteins of plants and 
animals (Albaum, 1952). It appears, however, that desoxyribonucleic 
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acid occurs only in the nucleus, whereas ribonucleic acid is found in 
both nucleus and cytoplasm. Nucleoproteins of the desoxyribonucleic 
acid type seem to be localized in the chromosomes. 


6. The Adenylic Acid System 

The adenine nucleotides occupy a key position in the storage and 
transfer of energy in the metabolic reactions of living cells. They per¬ 
form this function by accepting phosphate groups from metabolic inter¬ 
mediates, bipding them in a pyrophosphate linkage (P—O—P), and in 
turn transferring them, by reactions termed phosphorylations, to other 
compounds involved in intermediary metabolism. The phosphate group 
passes from the organic “donor” to the organic “acceptor” molecule 
without going through the stage of inorganic phosphate. The adenine 
nucleotides concerned in the transphosphorylation reactions are jointly 
referred to as the adenylic acid system. Adenylic acid itself is a ribo¬ 
nucleotide. Its one phosphate group is linked to ribose by an ester link¬ 
age and it is not detached in the transphosphorylation reactions. 
Adenylic acid combines in a pyrophosphate linkage with two molecules 
of phosphoric acid to form a triphosphate. Since adenylic acid is, accord¬ 
ing to the nomenclature discussed above, the nucleoside adenosine, 
linked to one phosphate group, it is commonly designated adenosine 
monophosphate (AMP). The pyrophosphate compound which contains 
three phosphate groups is termed adenosine triphosphate (ATP). The 
formulas of ATP and related compounds are given below: 
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Adenosine diphosphate (ADP) 


Adenosine triphosphate (ATP) 


The pyrophosphate (P—0—P) bond of the two end phosphate groups 
of ATP is known as a “high-energy bond” (~ ph), signifying that 
when it is broken (as on hydrolysis of the terminal phosphate group) 
there is a large release of energy, about 12,000 calories. In phosphoryl¬ 
ation reactions involving the adenylic acid system, it appears that only 
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The structure of DPN is given below. 



DIPHOSPHOPYRIDINE NUCLEOTIDE 
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DPN and TPN serve, in association with enzymes known as de¬ 
hydrogenases, as hydrogen or electron carriers by undergoing reversible 
oxidations and reductions in the nicotinamide part of the molecule as 
represented below. (R signifies the remainder of the molecule.) 



Oxidized DPN Reduced DPN (DPMI) 

The oxidation-reduction of DPN and TPN does not involve the 
phosphate groups of the molecule. Nevertheless, it is well established 
that certain dehydrogenases are specific for DPN and others for TPN. 
This suggests that the phosphate groups may play a role in the attach¬ 
ment of the coenzymes either to the substrate or to the apoenzyme. 

DPN and TPN provide a biochemical function for the vitamin 
nicotinamide (niacin) and demonstrate its essentiality in specific met¬ 
abolic reactions in both plants and animals. DPN can be reversibly 
converted into TPN (McElroy and Glass, 1951). In yeast and in animal 
tissues DPN occurs in much greater quantities than TPN (Schlenk, 
1951). The reverse seems to be true, however, in green leaves (Whatley, 
1951). 

DPN is required by many dehydrogenases which have been studied 
in detail in yeast, animal tissues, and bacteria. As examples of DPN- 
linked enzymes of plants, the alcohol and glyceraldehyde phosphate 
dehydrogenase (Stumpf, 1952a) of pea seeds can be cited. Isocitric 
dehydrogenase is an example of a TPN-specific enzyme found in green 
leaves (Whatley, 1951). 

The general mode of action of DPN and TPN in oxidation-reduction 
can be represented as follows: 


A H, + DPN A + DPMI + II + 
(or TPN) (or TPNH) 
where A is the metabolic substrate. 


8. Flavin Nucleotides 

In 1932, Banga and Szent-Gyorgyi obtained a yellow substance from 
heart muscle and observed that the yellow color disappeared on reduc¬ 
tion and reappeared on oxidation. They suggested that the yellow sub¬ 
stance, which they called “cytoflav,” may be involved in cellular 
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The yellow enzyme can be reconstituted after splitting by combining 
J be riboflavin phosphate (flavin mononucleotide FMN) with the pr 
^ Enzymes of this type have been designated flavoprotems. Flavo- 
protein eS^mes play an important part in the oxidation-reductionre- 
actions of thecell by serving as intermediaries in the transport of y 
drogens or electrons. The prosthetic group which is involved in the 
hydrogen transfer is the alloxazine group of the riboflavin, according to 

the following equation: 


R 


R H 




Alloxazine group 
oxidized form 


H 0 
Alloxazine group 

rn/ln/ind form 


A number of flavoproteins have been isolated from natural sources, in¬ 
cluding green plants. Most of the flavoprotein enzymes were found to 
contain as a prosthetic group, not FMN, but flavin adenine dinucleotide 
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(FAD). FAD can be synthesized, with the aid of an appropriate en¬ 
zyme, from FMN and ATP, according to the following reaction (Korn- 
berg, 1951): 

Flavin ribitol-P -f P—P—P—-ribose—adenine 

FMN ATP \\ 

Flavin—ribitol—P—P—ribose—adenine + P—P 

FAD Pyrophosphate 

The flavoproteins are reduced by accepting hydrogen from two 
sources: (1) reduced coenzymes I and II (DPNH and TPNH), or (2) 
other substrates or hydrogen donors such as glucose, aldehydes, and 
amino acids. The reactions can be represented as follows: 

(1) DPNH + H + + FAD — DPN + + FAD—H, 

(or TPNH) (or TPN+) 

(S) AH, + FAD — FAD—H, + A 

(substrate) 

The reduced flavoprotein is reoxidized by oxygen either directly or 
indirectly with the aid of the cytochrome system. 

The structural relations of the nucleotides discussed so far are given 
in the following schematic summary: 

P0 4 


TPN 

Nicotinamide 

e—ribose— 

PO«—PO4—ribose—adenine 

DPN 

Nicotinamide 

e—ribose— 

PO4—PO4—ribose—adenine 

FAD 

Flavin— 

ribitol— 

P 0 4 —P 0 4 —ribose—adenine 

FMN 

Flavin— 

ribitol— 

P 0 4 

ATP 


POr 

—PO4—PO4—ribose—adenine 

ADP 



PO4—PO4—ribose—adenine 

AMP 



PO4—ribose—adenine 


9. Other phosphorus compounds as prosthetic groups of enzymes 

In addition to those discussed above, other phosphorus compounds 
were found to serve as prosthetic groups of enzymes derived from yeast, 
bacteria, animal tissues, and in some cases higher plants. Although our 
knowledge of their importance in the metabolism of green plants is as 
yet either limited or based merely on analogy with other organisms, 
their full importance in plant physiology may be revealed at any time. 

A case in point is uridine diphosphate glucose (UDPG). Uridine 
itself is uracyl-ribose nucleoside. UDPG has recently been isolated from 
yeast and bacteria and was found to be the coenzyme responsible for 
the reversible conversion of glucose-1-phosphate, into galactose-1-phos- 



23 


biochemistry of phosphorus IN plants 
phate (Leloir, 1951). The foUowing structure has been ass.gne 
UDPG. 


H 


OH-U-ffoXoJo 

^ HHHH O/O 
0=c <JH HC 


V eH 


H<ioH 

HOCH 

HCOH 


O 


Hi- 


CHjOH 

Uridine diphosphate glucose (UDPG) 

Recent as is the discovery of UDPG, there is already evidence that 
UDPG and uridine diphosphogalactose are among the ear y p 
ofphotosynthesis (Buch.u.n e, al„ 1952). Them authors beUevetot 
uridine diphosphate compounds are involved in the synthesi P 7 
charides in the plant and particularly in sucrose synthesis 

Coenzyme A is a new coenzyme involved in the transfer of acety 

groups 


CHj— c 




o 


\ 


or other acyl groups in many metabolic reactions of microorganisms, 
animals, and plants, the carrier of the acetyl groups being acetyl-co- 
enzyme A. The activation of acetate requires coenzyme A in addition 
to ATP. Coenzyme A contains adenosine-5-phosphate, two additional 
phosphate groups, panthothenic acid, and a sulfur-containing group. 
An enzyme recently discovered in bacteria, called phosphotransacety- 
lase, allows acetyl phosphate to serve as an acetyl donor, according to 
the reaction: 

Acetyl ~ P + CoA ^ Acetyl—CoA + P0 4 

The acetyl group when activated in this manner can be transferred 
to an acetyl acceptor, such as amine, acetate, and oxalacetate. The 
acetyl group will condense either by its methyl group, as in citrate 
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synthesis, or by its carboxyl group, as in the synthesis of acetyl sulfona¬ 
mides. It is also probable that, in the reaction from right to left, the 
enzyme catalyzes the formation of acetyl phosphate from pyruvate, 
acetaldehyde, citrate, and possibly also from acetoacetate and butyrate. 

Pyridoxal phosphate has recently been shown to be a coenzyme of 
amino acid decarboxylases and certain transaminating enzymes. The 
position of the phosphate group in the molecule is not entirely certain, 
but the present evidence favors the structure given below. 


HOI 


CHO 


H,C 


3 6 


CH 2 OPO(OII)j 


2 6 

w 

N 


Thiamin pyrophosphate, also known as cocarboxylase or diphos- 
phothiamine, has long been shown to act as a coenzyme for both non- 
oxidative and oxidative decarboxylations of pyruvate. 


VI. The Role of Phosphorus in Energy Transfer Reactions in the Cell 

The maintenance of life processes requires energy. Plants and ani¬ 
mals derive the necessary energy from the oxidation of foodstuffs. 
These, in the final analysis, make available to the living cell the energy 
of sunlight, which has been converted and stored in the form of chemi¬ 
cal energy during photosynthesis. Green plants share with heterotrophic 
organisms the need for suitable mechanisms for rendering the chemical 
energy stored in foods available for cellular metabolism. Green plants 
occupy, however, a unique position in the living world in possessing 
additional mechanisms for the direct capture of the energy of sunlight 
and its conversion into chemical energy. 

A central problem in energy transformations in the living cell is 
that of energy transfer. Energy, whether liberated as in respiration or 
captured as in photosynthesis, must be bound and transported from one 
site to another in the living cell if it is not to become dissipated in the 
form of heat. At least two mechanisms are known for accomplishing 
these energy transfers within the cell: the formation of high-energy 
phosphate bonds and the transfer of electrons (or hydrogen) by means 
of the pyridine nucleotides, DPN and TPN. 

1. The Concept of High-Energy Phosphate Bonds 

The organic phosphate compounds in living cells can be divided into 
two groups: one in which the phosphate group is bound to its carrier by 
a “strong linkage” and the other in which the linkage is “weak” (Lip- 
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mann, 1941). Examples of the first & ^p^J^hJJhoglyeeric acid, 

I. known a, an ~"*~ 
’*££££** the .table energy-poor eater 

SSK ™f e f“. *• &'%£ZS.'7£ 

^"ThethSphat^bonds found in the organic compounds of living cells 
are summarized in Table III. The energy status of each type of bond is 
expressed as A F, signifying a change in the free energy A negative AF 
indicates that the reaction, in this case the hydrolysis of the phosphate 
group, will proceed spontaneously with a release of energy. 

The high-energy phosphate bond is a device for storing and trans¬ 
porting in cellular reactions large amounts of energy of the order from 
12 000 to 16,000 calories. As pointed out by Lipmann (1951), the phos¬ 
phate bond is particularly suited to perform this function in biological 
energy transfers because it confers “kinetic stability” in an aqueous 
medium “on thermodynamically labile bonds.” For example, the com¬ 
pounds acetic anhydride, || |] an( * acetyl phosphate, 

CH3COCCH3, 

O O 

CH3 C O—P—OH, have approximately the same free-energy level. 

I 

OH 

However, the acetic anhydride has a lifetime in water of only a few 
seconds, whereas acetyl phosphate can exist for several hours. Pyrophos- 
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TABLE III 

Types of Phosphate Bonds in Cellular Metaboliteb 


Type 

Structure 

Approximate — AF 
of hydrolysis of 

P bond, calories 
per mole 

Examples of 
occurrence 


OH 



Ester phosphate 

R—CHj— 0 —P =0 

1 

OH 

NH 

✓ 

R—CH*—NH—C—NH- 

() OH 

ll 1 

2000-3000 

OH 

Glucose-6-phosphate, 
fructose-6-phosphate, 
fructose-1,6,-di¬ 
phosphate, glycer- 
aldehyde- 3 -phosphate, 
phosphoglyccric 
acid, adenylic acid 

Amidine phosphate 

—P=0 12,000 

in 

Arginine phosphate, 
creatine phosphate 

Acyl phosphate 

II 

R—C—()—P =0 

1 

OH 

OH 

16,000 

1 , 3 -Diphosphogly- 
ceric acid, acetyl 
phosphate 

Knol phosphate 

H a C=C—O—P =0 

1 1 

COOH OH 

O O 

ll ll 

16,000 

Phosphoenolpyruvic 

acid 

Pyrophosphate 

—O—P—O—P -OH 

1 ! 

OH OH 

10,000-12,000 

ATP, ADP 


phate (Table III), still another compound with the same high-energy 
level, has an indefinite life in a water medium. This explains why the 
adenylic acid system with its pyrophosphate bonds is particularly well 
suited to act as the acceptor and donor of high-energy phosphate bonds 
in cellular reactions. 

2. The Role of Pyridine Nucleotides in Energy Transfer 

As already stated, the pyridine nucleotides DPN and TPN serve as 
electron or hydrogen carriers in oxidation-reduction reactions. Since 
DPN and TPN undergo reversible reductions, they can participate 
directly in the energy transfer in metabolic reactions by linking differ¬ 
ent enzyme systems and their respective substrates. The pattern of 
these reactions is as follows: oxidized DPN (or TPN), acting in con- 
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about the reduction of ano^er subs^rate. ^ ^ wo rk re^ 

C SSrlTedtr oVanother substrate, without the intermediary 

of phosphate bond energy pyr idine nucleotides was dis- 

An interesting example of this role o PX Jt was {oun d inde- 

covered recently u> Ae sj ^ a / an d Ochoa, 1951, 1952; Tol- 

pendently m three laboratories (Viium a nd Heimbiirger, 1952c) that 

Lch, 1951a, 1951b; Arn°n *S> ’ transformation of solar energy 

TPN could act as an "e d iary in WJ^ involved first the use 

into chemical energy. The seq , brf about t he cleavage 

a light « hy ,««•. Tho reduced 

Of water and a reducUon of TPN by the ny g about ^ reduc . 
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The reactions were as follows: 


H ; o + TPN + 


light 


TPNII + H + + HOt 


chloroplaats 

Mn<> • COOH CH. CHOH COOH + TPN 

malic enzyme Malic'ncid 


CHiCOCOOH + CO, + TPNH + H + 

Pyruvic acid___~ TV 

-+ CO, + H,0— * COOH CH. CHOH COOH + X O, 

An aspect of these linked reactions pertinent to photosynthesis is that 
complete enzyme system was reconstructed in vitro from the * 
stituents of green leaves (Arnon, 1951). It is not possible at this tone to 
evaluate the role of this photochemical synthesis of malic acid m the 
overall scheme of photosynthesis in vivo. It is significant, neverthele , 
that with the intermediary of TPN a linked reaction was reconstructed 
outside the living cell which is characterized by the salient features of 
photosynthesis in vivo: transformation of light into chemical energy and 
fixation of carbon dioxide with a simultaneous evolution of oxygen. 
Other reactions linking isolated chloroplasts to several DPN- and 
TPN-dependent reductions by enzyme systems derived from vari¬ 
ous sources have been demonstrated by Vishniac and Ochoa (1952). 

It has recently been shown (Lehninger, 1951) that the oxidation of 
reduced coenzyme I (DPNH) is coupled with phosphorylation. The 
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transfer of electrons from reduced DPN to oxygen leads to the genera¬ 
tion of high-energy phosphate bonds according to the reaction: 

DPNH + 3ADP + 3PO«- + ^O a + H + - DPN + 3ATP + H,0 

This reaction is of special interest to photosynthesis. It has already 
been seen that isolated chloroplasts can bring about the reduction of 
DPN and TPN. If the photochemically reduced pyridine nucleotides 
can in turn generate high-energy phosphate bonds in ATP according 
to the above equation, a mechanism is provided for the transformation 
of light energy into phosphate-bond energy. Evidence of such trans¬ 
formation of light energy captured by isolated chloroplasts into high- 
energy phosphate bond has recently been reported (Ochoa and Vishniac, 
1952). 

It appears, therefore, that the pyridine nucleotides occupy an im¬ 
portant position in the energy transformations of the living cell, either 
through their role of electron carriers in linked enzymatic reactions, or 
in the transfer of electrons to oxygen with a concomitant generation of 
high-energy phosphate bonds. It is probable that the pyridine nucleo¬ 
tides will be shown to occupy a key position in the mechanism of photo¬ 
synthesis in vivo, 

VII. The Role of Phosphate In Carbohydrate Breakdown 

As already pointed out in Section V.4, the release of energy resulting 
from the degradation of stored carbohydrates involves two phases, one 
anaerobic and one aerobic. In both of these phosphate plays a central 
role. The complete oxidation of a mole of glucose to carbon dioxide and 
water brings about a release of around 680,000 calories. In the first or 
anaerobic phase, which is represented by the series of glycolytic reac¬ 
tions leading from glucose to pyruvate (Fig. 4), only about 60,000 
calories are released. Approximately 90 per cent of the energy contained 
in the glucose molecule is released in the second phase, the aerobic oxi¬ 
dation of pyruvate. Most of the energy released during both the glyco¬ 
lytic and the aerobic phase of carbohydrate degradation is converted 
into phosphate bond energy. 

1, The Participation of Phosphate in Glycolysis 

The participation of phosphate in the glycolytic degradation of car¬ 
bohydrates can be divided into the incorporation of inorganic phosphate 
into organic linkages, the generation of high-energy phosphate bonds, 
and the transfer of high-energy phosphate bonds to the adenylic acid 
system. The utilization of the high-energy phosphate bonds and the 



29 

biochemistry OR BHO.EHORUS IN '“ NTS vnI 

of inorganic pb-H- <- «— 4 “ 

“** — in Fig. 4, 

1 and 8. In reaction 1 cat « 1 ^ ed . inverted into glucose- 1 -phosphate 

component of starch, amy > reversible reaction: 

(Hassid, 1951) in accordance with the reversi 

Amylose + PO. ^ Glucose- 1 -phosphate 

In the forward reaction, to form the poly- 
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saccharide. The disruption of the glycosi ^ olytic clea vage of 
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cording to the reaction (Meyerhof, 1944). 


CHtOPOjHj 

CHOH 

CHO 


4 - DPN + + H 2 POr 


D-Glyceraldehyde- 
-S-phosphate 


CHjOPOjHi 

d)HOH 

C—O—PO«H» + DPNH + H + 

1 , 3 -Phosphoglyceric 

acid 


— m • 

The energy-rich acyl phosphate group from the 1,3-diphosphogly- 
ceric acid is transferred by phosphoglyceric acid kinase to ADP, giving 
rise to ATP in accordance with reaction 9 (Fig. 4): 


1,8-Phosphoglyceric acid + ADP ^ 3-Phosphoglyceric acid + ATP 

Glyceraldehyde phosphate dehydrogenase is known as the oxidizing 
enzyme of glycolysis. The activity of this enzyme accounts for the up- 



30 


DANIEL I. ARNON 


take of inorganic phosphate in fermentation. The enzyme has been 
isolated in crystalline form from yeast (Warburg and Christian, 1939) 
and from rabbit muscle (Cori, Slein, and Cori, 1948) and was found to 
be DPN-specific. There was some doubt about the existence of this 
enzyme in green leaves (Stumpf, 1952a; Albaum, 1952). Recent evi¬ 
dence, however, has demonstrated the existence of glyceraldehyde phos¬ 
phate dehydrogenase in green plants (Gibbs, 1952; Amon, 1952a, 
1952b). The leaf enzyme was found, unlike its counterpart in yeast and 
muscle, to be able to oxidize glyceraldehyde phosphate with either DPN 
or TPN. This observation is of special interest because of the findings of 
Whatley (1951) that TPN rather than DPN is the principal pyridine 
nucleotide in green leaves. 

The oxidation of phosphoglyceraldehyde illustrates a mechanism 
for the storage, in the form of high-energy phosphate bonds, of the 
energy released in cellular oxidation. With one exception, the synthesis 
of high-energy phosphate bonds is always associated with oxidation. 
The sole exception known today is reaction 11 (Fig. 4), catalyzed by 
enolase according to the reaction: 

CHsOH CH 2 

(^HOPOjH. ^ C—O PO,H. 

COOH ioOH + HjO 

2-Phosphoglyceric acid Phosphopyruvic acid 

The dehydration of the 2-phosphoglyceric acid gives rise to the 
formation of an energy-rich enol phosphate bond in phosphopyruvic 
acid. The energy-rich phosphate group of phosphopyruvic acid is trans¬ 
ferred to ADP by pyruvic acid kinase, according to reaction 12 in Fig. 4. 
In this manner another molecule of ATP is generated. 

The transformation of one molecule of triose phosphate to pyruvate 
thus results in the formation of two (~ ph), or four (^ ph) for one 
molecule of glucose. The A F of the oxidation giving rise to the acyl 
phosphate group in reaction 8 is —16,500 calories (Meyerhof, 1944), 
and the A F of the enol phosphate group in reaction 11 is —16,000 
calories (Kaplan, 1951). The total energy released during glycolysis 
per mole of glucose is therefore equal to 2(16,500 + 16,000) = 65,000 
calories per mole. On the basis of a (~ ph) value in ATP of 12,000 
calories per mole the formation of (^ ph) in the conversion of glucose 

to pyruvic acid represents a conversion of —g^QQQ-X 10U — 74 

per cent of released energy into phosphate bond energy. 

Of the four (~ ph) formed during glycolysis, two (~ ph) are con- 
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2 Aerobic Phosphorylation of Pyruvate 
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S JZ'fSZL'ZSZ- S,nJL mole of glucose give. ns. 
to two of pyruvate, the overall reaction can be represented (Kaplan, 

1951) as: 

2 pyruvate + 50, - 6C0, + 10H,O + 590,000 calorie. 

There is now ample evidence, reviewed by Hunter (1931), that the 
energy released during the oxidation of pyruvate is converted into 
energy-rich phosphate bonds. The problem has been studied by measur¬ 
ing the relative amounts of oxygen consumed (expressed as O, not U 2 J 
and of inorganic phosphate (expressed as P) incorporated into organic 
compounds (P:0 ratio). The P:0 ratio varies with different substrates 
in the Krebs cycle. A P:0 ratio greater than 1 signifies that not only 
the oxidation of the substrate but also some of the further steps in elec¬ 
tron transfer may be coupled to phosphorylations. There is now general 
agreement that the complete oxidation of pyruvate is accompanied by 
fifteen phosphorylations. This gives an average of three phosphoryla¬ 
tions for each of the five oxidative steps in the metabolism of pyruvate 
by the Krebs cycle. The actual breakdown of the number of phos¬ 
phorylations among the five steps is as follows (Hunter, 1951): 
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(1) Pyruvate + Oxalacetate + %Ot—* Citrate + CO* 3 

(2) Isocitrate + TPN —► Oxalosuccinate + TPNH 0 

TPNH + HO* -* TPN + HjO 3 

(3) a-Ketoglutaratc + HO* —* Succinate 4- CO* 4 

(4) Succinate + HO* —» Fumarate + H*0 2 

(5) Malate + DPN —* Oxoiacctatc + DPNH 0 

DPNH + HO* —■ DPN + H*0 3 


Total 15 

The association of phosphorylation with aerobic oxidation was found 
to be linked with the transfer of electrons from DPNH or TPNH to 
oxygen. It has already been stated under Section VI.2 that Lehninger 
(1951) obtained direct evidence for the coupling of phosphorylation to 
the oxidation of DPNH. The values for the P: O ratio suggest that three 
high-energy phosphate bonds are formed during the reaction. 

The preceding discussion has indicated that most of the energy re¬ 
leased during the oxidation of glucose is stored in the form of high- 
energy phosphate groups in ATP. The total number of these groups 
formed by the oxidation of 1 mole of glucose can be computed as follows: 

From glycolysis (ef. Section VII.1) 2 

From oxidation of 2 DPNH (cf. reaction 8, Fig. 4) 6 

From oxidation of 2 pyruvate 30 

38 

On the basis of 12,000 calories for the pyrophosphate ATP bond 
(Table III), the conversion of the energy released during the complete 
oxidation of glucose to C0 2 and water is of a high order of efficiency: 


38 X 12,000 
680,000 


X 100 = 67% 


In animal tissues, the enzymes responsible for oxidative phosphory¬ 
lation were found to be located in insoluble particles of the cytoplasm, 
such as mitochondria (see reviews in McElroy and Glass, 1951). Until 
recently, there was no direct evidence for the existence of parallel 
enzyme systems in higher plants. This gap in our knowledge has now 
been filled by the report of Millerd et al. (1951) that mitochondrial 
particles from mung beans contain an enzyme system capable of the 
complete oxidation, via the Krebs cycle, of pyruvate to carbon dioxide 
and water. 


VIII. The Role of Phosphate in Carbohydrate Synthesis 

1. Synthesis of Polysaccharides 

The hydrolytic enzymes invertase and amylase, which act on sucrose 
and starch, can bring about the cleavage but not the synthesis of gly- 
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2. Phosphate in Photosynthesis 


It has been one of the common assumptions in plant physiology that 
photosynthesis in its overall aspect must be a reversal of respiration. 
With the elucidation of the biochemical reactions in fermentation and 
respiration, this point of view was expressed in more concrete terms by 
Thimann (1938). He suggested that the initial fixation of carbon dioxide 
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was a carboxylation of some product of glycolysis, an aldehyde or an 
organic acid, followed by a photochemical reduction of the carboxyl 
group. Thimann further suggested that basically the same mechanism 
may be operative in carbon dioxide fixation by all autotrophic organ¬ 
isms, photosynthetic as well as chemosynthetic. 

The hypothesis that the formation of sugar in photosynthesis in¬ 
volves a reversal of the degradative reactions of respiration received 
strong experimental support from the work of Benson and Calvin 
(1950), who, with the aid of radioactive carbon, identified, among the 
newly synthesized products of short-time photosynthesis, organic phos¬ 
phorus compounds which were known intermediates of glycolysis. In 
very short periods of photosynthesis, of the order of several seconds, 
most of the newly fixed C 14 0 2 was found in the carboxyl of phospho- 
glyceric acid. With increasing exposure to light the proportion of total 
radioactivity fixed in the phosphoglycerate decreased, and newly fixed 
carbon dioxide was detected in a relatively large array of compounds, 
including triosephosphate, hexose diphosphate, and sucrose. The identi¬ 
fication of the main product of early photosynthesis as phosphoglycerate 
was confirmed by Gaffron, Fager, and Rosenberg (1951). 

The participation of phosphorus in the intermediate reactions of 
photosynthesis was demonstrated directly by the simultaneous use of 
radioactive phosphorus and carbon isotopes in the same experiment. 
The radioactive phosphorus compounds were identified by means of 
radioautographic techniques. Buchanan et al. (1952) suspended the alga 
Scenedesmus in a solution containing radioactive phosphate for twenty 
hours prior to exposure to light. Upon exposure to light, bicarbonate 
labeled with C 14 was introduced and photosynthesis was allowed to 
proceed for five minutes. The algae were then killed and extracted with 
alcohol, and an aliquot of the extract was assayed by paper chromatog¬ 
raphy. Two sheets of X-ray film were placed on the developed paper 
chromatograms, the one next to the paper being used to screen out the 
low-energy beta particles emitted by the carbon atoms. The top film 
was thus affected only by the beta particles from the radioactive phos¬ 
phorus. Since the half-life of P 32 is relatively short (fourteen days), it 
was feasible to allow, by a suitable waiting period, for a decay of the 
radioactive phosphorus on the paper chromatogram. A fresh radioauto¬ 
graph was then made showing only the radioactive carbon. By super¬ 
imposing the carbon radioautograph on the phosphorus radioautograph, 
it was possible to identify the compounds which had become labeled 
with both tracers (Figs. 5 and 6). 

The list of phosphorus compounds formed during early photosyn¬ 
thesis has been extended by Buchanan et al. (1952). The list now in- 
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Fir,. 5. Radioautograph of extract of Scenedesmus grown for twenty Hours in radio¬ 
active phosphate and then allowed to carry on photosynthesis in C"0 : for five 
minutes. A sheet of exposed film was used to filter out the C" radiation (Buchanan 

et al.y 1952). 


eral investigations about the participation of phosphate in photosyn¬ 
thesis. Evidence has already been cited in Section VI.2 for the conver¬ 
sion of light energy into high-energy phosphate bonds through the inter¬ 
mediary of isolated chloroplasts. Kandler (1950) found enhanced utili¬ 
zation of inorganic phosphate following illumination of Chlorella. There 
is also evidence that a large proportion of the newly absorbed phosphate 
in short-time photosynthesis is incorporated in phosphoglyceric acid 
and that ATP is rapidly utilized in photosynthetic reactions (Goodman 
et al. 1952; Strehler, 1952). 
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biochemists OP PHOSPHORUS IN PLANTS 

The intimate association of tTo^plant nutrition. It has 

sitates a realignment of tradition dioxide assimilation m photo- 

been often assumed in the past thatwrb^ g direct participation 

synthesis proceeds by an au ‘ ono , P . he roots from the soil. The term 
of the inorganic elements absor e describe t he events associated with 
mineral nutrition has been used *. ic elements derived from the 

the absorption and utilization o 8 mineral nutr ition and photo¬ 

root environment. It appears hois ’ te j y i n the early events of 
synthesis can no longer be treated se P y fa ara ted from carbon 

photosynthesis, phosphate assimda ion cannot > of photo¬ 
assimilation. There is htde that *“Xeen the inorganic ele- 

synthesis advances, other intima , e d t h e assimilation of car- 

ments derived from the root environment and tne 

bon, will come to light. 

IX Utilization of Phosphate Bond Energy 

preceding di.cu.si.n h., -lre.<IL, 

the high-energy phosphate bond a * ' e d has been shown to 

formations in the living cell. Phosphate bond energy emission 

be used in mechanical work suchas ™ uscle c °"* aCt Electricity, and 
of light by luminous organisms, in the production energy is 

in the multitude of chemical reactions in the cell 

rMCtards'ar^corrverted toto products of higher energ^eveRThese re^ 
actions are driven by the phosphate bond energy of ATP. The yn hes^ 
of starch from glucose has already been discussed in Section VIII. 1 as a 
model of these reactions. As another example, the conversionoffructose 
to glucose can also be accomplished at the expense of the phosphate bond 
energy of ATP by means of the three reactions: 


Fructose + ATP 


hexokinasc 


Fructose-6-phosphnte 


pbosphobexoisomerase 

Fructose-6-phosphate-;-—-* GIucose-6-phosphatc 


Glucose-6-phosphatc 


phosphatase 


-* Glucose 


In reaction 3 of Fig. 4, hexokinase has been cited as the enzyme re¬ 
sponsible for the phosphorylation of glucose. The same enzyme from 
certain sources, as for example yeast, is also able to phosphorylate fruc¬ 
tose. Phosphatase is one of a group of widely distributed hydrolyzing 
enzymes which split off inorganic phosphate without any associated 
synthetic reactions. 
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Many other examples of the use of phosphate bond energy to per¬ 
form chemical work have come to light from work on animal tissues. 
There is increasing evidence that parallel mechanisms operate in 
plants. The synthesis of amides and fatty acids by plant tissues is a case 
in point (Stumpf, 1952b). 

Work against osmotic forces can also be accomplished at the expense 
of phosphate bond energy. Let us assume that the cytoplasmic mem¬ 
brane is permeable to substance S in its free form but not to the phos- 
phorylated compound S-p. S would then enter the cell freely by diffu¬ 
sion. If inside the cell S were phosphorylated to S-p by ATP with the 
aid of the proper phosphokinase, the concentration of free S would be 
maintained low and the thermodynamic gradient would favor the con¬ 
tinued absorption of S from the outside. There is evidence (Sinclair, 
1939) that a mechanism of this sort operates for thiamine (vitamin B t ). 
Thiamine occurs in the free form in blood plasma, but after it is ab¬ 
sorbed by the blood cells it is phosphorylated to thiamine pyrophosphate 
(cocarboxylase) and is trapped in this manner inside the cells. The con¬ 
centration of thiamine pyrophosphate inside the cell is several times 
higher than the concentration of free thiamine in the blood plasma. In 
this instance, therefore, the energy of the phosphate bond in ATP is 
used to bring about an accumulation of thiamine against a concentra¬ 
tion gradient. 

It seems probable that similar mechanisms will be shown to operate 
in the absorption and translocation of inorganic and organic nutrients 
by plants. The transport of organic substances could be visualized by 
analogy with the mechanism just described. As for the accumulation of 
inorganic ions, phosphorylated intermediates could act as carriers (Over- 
street and Jacobson, 1952) or trapping agents of anions or cations. Oxi¬ 
dative metabolism, known to be indispensable for ion accumulation, 
would serve as the source of ATP (see Section VII.2), at the expense 
of which the phosphorylated intermediates would be formed. 

Although such postulations are at this time supported only by 
theoretical considerations, there are already indications that phosphate 
bond energy may be involved in the process of ion accumulation. Loomis 
and Lipmann (1948) have shown that 2,4-dinitrophenol dissociates 
ATP formation from cellular oxidation. In low concentration dinitro- 
phenol stimulates respiration while abolishing phosphorylation. This 
inhibitor can thus be used to determine whether certain reactions re¬ 
quire phosphate bond energy. Robertson et al. (1951) have recently 
found that dinitrophenol, while increasing the respiration, inhibited the 
accumulation of ions by carrot cells. 
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Soil-Plant Relationships in the Phosphorus 


Nutrition of Plants 


L. A. DEAN and MAURICE FRIED 


I. Introduction 

Our present agriculture is based upon,=».«£ 

= ass 

through the decomposition of plant and amm. ^ as ‘ eS would t0 

of atmospheric nitrogen; thus, t e p an c high productivity 

SSSSSSSssSits 

dp npw demands on the efficiency of the soil-plant system. 
m 4 e nroSms dealing with the provision of adequate phosphorus 
nutSo/through the medium of the soil are among the most interest^ 
™The present discussion is limited to the specific phases pertaining 
to sJplant relationships. The absorption of phosphorus by plants is 
he result of a multiplicity of processes taking place in thepiant.Mthe 
soil, and at the root surfaces or interfacial boundaries^ The subject of 
soil-plant relationships deals with the mterdependence of these 


processes. 

II. Phosphorus Uptake from Soils 

A first approach to the subject of the phosphorus nutrition of plants 
leads to a consideration of the amounts and rates of absorption, buch 
studies will indicate something of the requirements imposed upon the 

soil as a source of supply. . , A . 

Crops have been sampled and analyzed to determine the total 

amount of phosphorus absorbed. This quantity is surprisingly constant. 
The total amount of phosphorus absorbed by crops is seldom less than 
10 or greater than 50 pounds P 2 O 5 per acre per crop. 

The total amount of phosphorus absorbed can be represented as the 
product of crop yield times composition. These factors of growth and 
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plant composition are not wholly independent of each other. Williams 
(1948) visualized the major determinants of phosphorus uptake by 
plants as being (1) the demand set up by the growth and normal func¬ 
tioning of various plant parts and (2) the external concentration or 
supply of the nutrient. A variety of factors have been shown to affect 
the mineral composition of plants. These include species and varieties 
of plants, soil composition, fertilizer application, and climate. Beeson 
(1941) has prepared a review dealing with this subject. 



Fig. 1. Rate of phosphorus absorption and rate of growth for tobacco and potatoes 
(data by Grizzard et al. y 1942, and Hawkins, 1946). 

The rate of nutrient absorption by plants has been measured by 
sampling and analyzing at various stages of growth. Such studies have 
been undertaken for a number of crops. Hawkins (1946) used potatoes; 
Grizzard et al. (1942), tobacco; Hester (1938), tomatoes; Olson and 
Bledsoe (1942), cotton; and Remy (1938), small grains. If the amounts 
of phosphorus absorbed are plotted against time a family of character¬ 
istic sigmoid curves are obtained. The rate of absorption starts out low, 
increases rapidly to a maximum, and then declines. Hawkins (1946) 
reported for potatoes a maximum rate of absorption of 0.6 pound P 2 0 5 
per acre per day. Williams (1948) noted that with increasing phos¬ 
phorus concentration the time required to reach the maximum rate of 
absorption was lessened. 
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The rate of phosphorus in*l l- 

,he growth cycle than does *»**££$ ™\ otal phosphorus has 
For example, at a tune when 50 per growth has occurred, 

been absorbed, only about 20 per cent o ditio JJ of moderate phos- 
A common observation is tnat, unu nVinsDhate fertiliza- 

tion are observed only m i the vwy y f absorbed per unit of time 
J* I — r.rW par u„U o, crop grow* » 

higher than at the later stages of growth. additional in- 

6 Recent studies involving the use of P hav fe Xer phosphorus on 

formation regarding the m uenceo> Barber 1947; Nelson et al ., 

phos ph r V c~pc(Spmk, jndB ^ ^ 1949; and 

the seeds or young plan • increase both growth and total phos- 

ssr ~ 

i soil phosphorus as compared with that of fertilizer phosphorus, 
and mature Plants characteristically have a lower per cent of phos¬ 
phorus in the crop derived from the fertilizer than at the earlier stag 

° f ^TiTdata on the absorption of phosphorus by corn (Table I) illus¬ 
trate the effect of phosphorus fertilization on absorption rates. The com¬ 
parison is between no phosphorus and a 60 pound per acre rate o *5 
as superphosphate. The largest difference in yield was noted at the 60- 
day sampling period. At final harvest there was no sigmficant difference 
in grain yields, although the fertilizer application increased the total 
phosphorus absorption. The greatest relative increase in total phos¬ 
phorus absorption resulting from fertilization was at the first sampling. 
During the period 0 to 30 days more phosphorus entered the plant from 
the fertilizer than from the soil, but the total amount involved was 
small. From then on the total absorption rate rapidly increased and the 
contribution of the fertilizer phosphorus decreased. The effect of the 
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TABLE I 

Rate of Absorption of Soil and Fertilizer Phosphorus by Corn* 


Age at 
sampling, 
days 



PiO> 

treatment 



None 

60 pounds 

None 

60 pounds 

60 pounds 

60 pounds 

Yield, pounds/acre 

Total P 2 Ok absorbed, 
pounds/acre 

Soil P 2 0> 
absorbed, 
pounds/ 
acre 

Fertilizer P 2 0% 
absorbed, 
pounds/acre 

SO 

11.3 

13.4 

0.04 

0.07 


0.04 

60 

337 

459 

1.2 

16 


0.5 

90 

6760 

7315 

8.1 

9.5 

8.4 

1.1 


• Data of Stanford and Nelson (1949). 


absorption rate of seedlings on the functioning of the plant and on the 
ultimate yield has not been fully evaluated. 

III. The Soil as a Supplier of Phosphorus 

Growth rate, yield, or quality of crops may or may not be limited 
by the rate at which the plants absorb phosphorus from the soil. The 
supply of phosphorus in the soil is one factor that determines this ab¬ 
sorption rate. Therefore it is of interest to define the potentialities of 
a soil as a supplier of phosphorus. 

The soil and the plant comprise a heterogeneous system. It is a 
dynamic, ever-changing system. The roots of seedling plants grow, 
bringing an increasing volume of soil into the system. The soil itself 
undergoes cycles of wetting and drying. There are also continuous 
changes being brought about by microbiological activity. In assessing 
the soil as a supplier of phosphorus the plant can hardly be looked upon 
as a passive agent. That is, to a degree the plant influences the capacity 
of a soil to supply phosphorus. As yet, our knowledge regarding the 
various processes and mechanisms and the interactions involved is 
incomplete. 

From a practical standpoint the interest in the capacity of the soil 
to supply phosphorus lies in the economic implications. A common ques¬ 
tion is: “What will be the consequences of changing the present sup¬ 
ply?” Experiments have been conducted for the purpose of determining 
the changes brought about both in the phosphorus content of plants and 
in yields when the soil phosphorus supply is altered. From these experi¬ 
mental measurements it is possible to make certain deductions regard¬ 
ing the soil as a supplier of phosphorus. 
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axis. The number of units between this point of intersection and the Y 
axis is known as the b value. This b value gives the amount of soil phos¬ 
phorus in terms of equivalent amounts of fertilizer phosphorus. Certain 
of the experimental evidence indicates that growth response curves are 
sigmoid in shape (see curve 2 in Fig. 2). Extremely phosphorus-de¬ 
ficient soils are required to demonstrate this sigmoid shape. Ordinarily 
this difference is of little consequence, since the upper parts of the two 
curves are similar. However, if an extrapolation is made, such as re¬ 
quired to measure the b value, then serious differences would occur, 
depending upon the nature of the assumed growth curve. 

Both Mitscherlich (1930) and Spillman (1933) recognized that the 
level of other nutrients might affect yield interpretations, and they at¬ 
tempted to take into account the level of the three major nutrients, 
nitrogen, phosphorus, and potassium. Interactions between nutrient 
supply and environment also influence the growth response (Russell, 
1950). 

The growth curves show that the magnitude of yield change result¬ 
ing from a change in soil phosphorus supply depends upon the maxi¬ 
mum yield. Thus, any factor affecting the maximum yield will alter 
conclusions drawn with regard to the soil phosphorus supply. Steinbjerg 
(1952) has discussed the factors which determine the shape and posi¬ 
tion of the yield curve and has grouped them under the following four 
headings: 

1. Soil factors. 

2. Climate factors. 

3. Crop. 

4. The stage of development of the harvested crop. 

It is apparent, therefore, that the consequences, in terms of yield, of 
altering the phosphorus supply of the soil by adding different amounts 
and/or kinds of phosphorus fertilizers may be predicted with accuracy 
only under highly specialized conditions, and that the phosphorus sup¬ 
ply of a soil, although real, may have a wide range of apparent values. 

2. Plant Composition as Influenced by Soil Phosphorus Supply 

Altering the phosphorus supply of a soil can be shown to cause 
rather systematic changes in the total amount of phosphorus absorbed 
and the phosphorus content (percentage) of crops. These changes em¬ 
brace an interaction with yield or growth. This influence of change in 
the soil phosphorus supply can be illustrated if the crops grown to pro¬ 
duce the yield curve previously discussed are analyzed for total phos¬ 
phorus and these data plotted against the increased phosphorus addi¬ 
tions and yield as shown in Fig. 3. 
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Depending upon phosphorusdecreasing, or 
the soil phosphorus SU PP^ “^ nJS in the p i ant unchanged. However, 
leaving the percentage P P he soil phosphorus supply results in 
under conditions where mem* g ^ m crease in supply usually 

*> b - h > h « ^“ n '* 8e pho,phorus 

in the total phosphorus uptake ^ been shovvn to determine the 
The same set of f ^ t0r * curves wi H also influence phosphorus 
shape and position of ^ are ply of ,he other nutrients, plant 

5--SSA Plant, soil moisture, and temperature and sun¬ 



light during growth. Early attempts to use pknt composmo" as a 
criterion of soil nutrient supply proved impractical (Hall 1905). Ho 
ever, more recent investigations have shown that, for kart area> ° 
similar soils and climate, analysis of a particular plant part at a defirnt 
stage of growth will give useful information regarding *e changing 
phosphorus supply of soils (Macy, 1936; Thomas, 1945; Ulrich, 1948; 

Jakobsen, 1952; and others). 


3. Relative Absorption of Soil and Fertilizer Phosphorus 

Reports by Fried and Dean (1952) and Larsen (1952) suggest that 
the results of radiochemical analyses of plants grown on soils which re¬ 
ceived applications of fertilizers containing P 22 may be used to calculate 
the phosphorus supply of the original soil. The hypothesis suggested by 
Fried and Dean (1952) assumed that a plant presented with two 
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sources of phosphorus, namely the soil and the fertilizer, will absorb 
phosphorus from each in direct proportion to the amounts of these re¬ 
spective supplies. This results in the following relationship between 
the magnitude of the two sources and the proportion of the phosphorus 
in the plant that is derived from the fertilizer: 

A-W—S. 1 
y 

where A = the amount of the soil phosphorus supply. 

B = the amount of the fertilizer phosphorus supply. 
y = fraction of the phosphorus in the plant derived from the 
fertilizer. 

Experimentally this relationship has been used in the following 
way: Known amounts of phosphatic fertilizer labeled with P 32 at a 
known specific activity are mixed uniformly with a soil and the desired 
crop grown. The plants are analyzed and the specific activity of their 
phosphorus determined. The ratio of the specific activity of the plant 
material to that of the original fertilizer is taken to be y> the fraction of 
the phosphorus in the plant derived from the fertilizer. Since B is 
known, A may then be calculated from the above equation. This quan¬ 
tity of soil phosphorus is in terms of the fertilizer added to the soil. In 
this respect the A value is identical to the b value of Mitscherlich. A 
parallelism exists between the method as described and the well-known 
technique of analysis by isotopic dilution. This application has been 
discussed by Larsen (1952). 

Figure 4 gives a series of results for two soils which differ in phos¬ 
phorus fertility. These data were selected from a greenhouse experi¬ 
ment with millet as a test crop. The phosphorus fertilizer, monocalcium 
phosphate containing P 32 , at rates of 0, 40, 80, and 160 pounds P 2 0 5 per 
acre, was applied by mixing well with all the soil in each pot. In this 
experiment the same plant samples were used to make all measure¬ 
ments: namely, the yield, the phosphorus percentage, and the amount 
of total soil and fertilizer phosphorus in the harvested crop. 

The yield curves are as expected for soils of low and medium phos¬ 
phorus fertility. The b values obtained by extrapolation indicate that 
the original soils contained 9 and 60 pounds P 2 0 5 per acre in terms of 
the monocalcium phosphate which was applied at planting. The curve 
representing the change in total phosphorus percentage is U-shaped for 
one soil and an ascending straight line for the other. Amounts of total 
phosphorus and fertilizer phosphorus absorbed increased with increas¬ 
ing applications of fertilizer. Except for the displacement between the 
0- and 40-pound rates there is little influence of rates on the amounts of 
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will be brought about by addition of varying amounts or different kinds 
of phosphatic fertilizers. 

The A value which is calculated from the ratio of soil phosphorus 
absorbed to fertilizer phosphorus absorbed, on the other hand, is not 
necessarily appreciably altered by the same factors that change the 
growth and the phosphorus-absorption pattern. This value is dependent 
upon the amounts of the two supplies of phosphorus: namely, the soil 
and the fertilizer. Therefore, the method is equally applicable for meas¬ 
uring either the soil phosphorus or the fertilizer phosphorus in terms of 
the other. Experimentally it has not been possible to measure the A 
value in terms of an absolute chemical compound. There remains the 
necessity of developing a technique whereby fertilizers added to soils 
will remain unaltered and at the same time be as accessible to the 
plants as the soil phosphorus. Experiments to attain this ideal are still 
in progress. 

IV. The Phosphorus-Absorption Processes 

As matters presently stand there is no generally accepted composite 
picture of the processes taking place during phosphorus absorption by 
plants. Marked progress has been made in the understanding of several 
phases of the overall process. Recent reviews (Overstreet and Jacobson, 
1952; Robertson, 1951) have shown the development in the understand¬ 
ing of the mechanisms of ion absorption by roots. Chapters III, IV, and 
V in this monograph deal with the chemistry of soil phosphorus and its 
release. These specific aspects are not repeated here. The present discus¬ 
sion is confined to the soil-plant system as a unit. 

Phosphorus absorption entails the transfer of phosphate ions from 
the soil to the roots and into the plant. A generalized model of the sys¬ 
tem is given in Fig. 5. This system includes the soil and root surfaces 
with their associated phosphate ions in equilibrium with an intermicel- 
lar liquid phase. Although not illustrated, there is in all probability a 
diffuse double layer of ions associated with both the soil and root sur¬ 
faces. The predominant charge of both surfaces is negative. The illus¬ 
tration shows a higher concentration of phosphate ions at some distance 
from the negative surfaces than in the immediate vicinity. Such a dis¬ 
tribution is in accordance with the Donnan principle. 

Studies by McAuliffe et al. (1947), Wiklander (1950), and Olsen 
(1952) have indicated that some of the phosphate ions associated with 
the soil surfaces are exchangeable with phosphate ions in solution. 
Wiklander (1950) and Barbier and Tyskiewicz (1952) have shown an 
exchange between these surface exchangeable phosphate ions and 
others of the solid phase. 
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Fig. 5. A model of the phosphorus-absorption processes. 


may take place. For example, Dean and Rubins (1945) showed that 
when barley roots grown in the high-phosphorus environment of a 
nutrient solution are transferred to a clay suspension there is a loss of 

phosphorus from the roots to the clay. 

This discussion of the phosphorus absorption processes from soil has 
been grossly over-simplified. Soil phosphate ions are not independent of 
the other ion species. These salt effects have been discussed by Mattson 
et al. (1949, 1950). Such theoretical considerations point out that phos¬ 
phorus absorption by plants from soils depends not only on the nature 
and concentration of cations and anions but upon the relative properties 
of opposing soil and root surfaces. 
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The root tips of plants undergo growth; during growth new surfaces 
are being formed. Since the soil particles are heterogeneous and the 
moisture films are largely discontinuous, each new root-soil system de¬ 
veloped as the result of growth may be different. On the other hand, 
the aging of root tissues is continuously bringing about changes. Thus, 
the over all absorption of phosphorus from soils is the integration or 
net effect of many isolated root-soil systems. 

The minimum phosphorus concentration necessary for optimum 
growth has been determined for a variety of crops (Parker, 1927; Tid- 
more, 1930; Sommer, 1936; and Houghland, 1947). These studies were 
undertaken in nutrient solutions and the phosphorus concentrations 
were maintained as nearly constant as possible. The results have shown 
growth to be impeded in solutions of 0.1 p.p.m. P or less. On the other 
hand, crops appear to grow normally on soils where the soil solution 
concentration as measured by displacement methods is less than 0.1 
p.p.m. The apparent discrepancy was discussed by Parker (1927) on 
the basis of one or more of the following assumptions. 

1. The displaced solution is not the true soil solution. 

2. The plant roots exert a solvent action on the soil particles and 
thus bring more phosphorus into solution and produce a higher con¬ 
centration at the absorbing surfaces. 

• 3. Asa result of a Donnan equilibrium, there is a higher concentra¬ 
tion of phosphorus in the solution at the surface of the soil particles than 
in the displaced soil solution. 

At that date the presumptive evidence appeared to favor the second 
assumption: namely, that there was a contact effect between plant roots 


and soil particles. 

The discussion describing the root-soil system has pointed to certain 
lines of evidence which indicate that the phosphorus content of the dis¬ 
placed soil solution does not adequately define the environment of the 
root-soil system as it pertains to phosphorus absorption. The phosphorus 
content of the intermicellar liquid probably is not uniform throughout 
the soil. There is no information, however, indicating the distribution 
of these concentration gradients. There is certain limited evidence in¬ 
dicating that the soil solution is a necessary and integral part of the sys¬ 
tem. Experiments by Hunter and Kelley (1946) indicated that phos¬ 
phate ions are not absorbed from dry soils, Volk (1947) concluded that 
cations but not anions may be absorbed from dry soils, and Haddock 
(1952) has shown that phosphorus absorption can be altered by irriga¬ 


tion practice. . „ .. .. 

The contention that plant roots exert an influence on soil particles 

as a result of contact proximity and that this in turn increases the ab- 
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Both Tschirikow (1914) and Truog (1916) have emphasized the re 
lation between the calcium uptake by plants and the absorption of phos- 
We from basic calcium phosphates. As a result of observation on asso¬ 
ciations of different plant species Domonotovich (1924) re-emp asize 

tHi! 'a “contact exchange theory” has been proposed by Jenny and co¬ 
workers (1939, 1939a). They were able to show that, with certain clay 
Tsoil suspension containing Na*, K*. or Rb*, the rates of absorption of 
the ions by barley roots were greater than from corresponding salt solu¬ 
tions Experiments to date have not shown a corresponding influence of 
clay particles on anion absorption. The experiments by Dean and 
Rubins (1945) failed to show a greater phosphorus absorption in the 
presence of clay suspensions containing fixed phosphorus. 

Much of the evidence supporting a contact effect is contained in the 
studies on the utilization of basic calcium phosphates by crops, the 
classic example being the differential feeding of plants on rock phos¬ 
phate. As early as 1898, Merrill reported that the influence of rock 
phosphate on the growth of plants varied with the species. In general, 
it has been shown that the most efficient users of rock phosphate are 
lupines, buckwheat, sweet clover, mustard, swiss chard, vetch, and to a 
lesser extent alfalfa, peas, rape, and cabbage. The following crops are 
considered to be very poor users of rock phosphate: cotton, cowpeas, bur 
clover, rice, oats, barley, millet, rye, and wheat. 

Most experiments comparing the feeding power of different plants 
do not permit distinguishing whether the observed differences are due 
to the extent of the root surfaces involved or to a specific property of 
these root surfaces. An experiment conducted recently at Beltsville was 
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designed to measure the importance of specific properties of the root 
surface. The phosphorus supply of several soils was labeled by the addi¬ 
tion of superphosphate containing P 32 . Then a supply of rock phosphate 
was introduced and mixed throughout. These soils were used to grow a 
variety of plant species in pot culture and the specific activity of these 
plants was subsequently determined. Since under these conditions the 
phosphorus of the soil and that of the rock phosphate are equally ac¬ 
cessible to the root system any difference in the specific activity of the 
plants grown is attributable to differences in the properties of the root 
surfaces of the various species tested and not to the extent of the root 
systems. The results of this experiment showed such differences to oc¬ 
cur and that the relative feeding powers of the species tested were 
similar to the findings previously reported in the literature. 
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Chapter III 

Inorganic Phosphorus in Acid and Neutral Soils 

L. T. KURTZ 

I. Introduction 

i. General 
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COm, rhe object of this chapter is to present something of thechemistryof 
phosphorus in neutral and acid soils as it has been reported and unde 
stood P to date. The literature of this subject is extensive and even a men¬ 
tion of all of the pertinent papers is impossible. The writer hopes a 
best to suggest references bearing on the chief forms and reactions of 

phosphorus in soils. 

2. Review References on Chemistry of Phosphates in Soils 

Several articles summarizing the literature on soil phosphorus and 
the reactions of phosphorus in soils have appeared. Among the more 
recent were reviews by Wild (1950a) and Dean (1949) on the reten- 
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tion and fixation of phosphorus in soils. An article of broader scope by 
Pierre (1948) reported on the organic forms as well as on the inorganic 
forms of phosphorus in soils. A summary of phosphorus research pre¬ 
pared by the National Phosphorus Research Work Group (1950) con¬ 
tained bibliographies on many phases of phosphorus research for the 
period 1935 to 1950. A review of the literature on phosphate fixation 
was also made earlier by Midgely (1940). An extensive review was 
also published still earlier by Weiser (1933) in connection with his 
work on phosphate fixation. 

3. Historical References on Chemistry of Phosphates in Soils 

The reactions of phosphates in soils have been studied intensively 
and almost continuously since chemistry began to play its role in soil 
science. Way (1850), who was among the first to observe cation ex¬ 
change, also observed that phosphates were taken from solution by soils. 
Even prior to the publication of Way’s quantitative data, Liebig (1840), 
according to Wild (1950a), was aware of phosphate retention by soils. 
Certainly in his later writings Liebig (1863) discussed absorption by 
soils at considerable length and apparently considered this form of 
plant nutrients very important in crop production. In this same period, 
Daubney (1845) studied methods of extracting “available” phosphorus 
from the soils and reported phosphorus fertility studies. Research on 
soil phosphorus has apparently continued since that time and numerous 
references appeared during the last half of the nineteenth century. 
Work of Van Bemmelen (1888), who studied “absorption” by soils, 
and Dyer’s (1894) studies of extractants for soil phosphorus are only 
two examples of noteworthy contributions of this period. 

Apparently few reports of work in the United States appeared in 
print until after 1900. A series of lectures given by Dyer (1902) in this 
country were published in 1902 as a bulletin of the Office of the Experi¬ 
ment Station. These lectures had been presented before the Association 
of American Agricultural Colleges and Experiment Stations and dis¬ 
cussed the fertility work at Rothamsted with considerable emphasis 
upon chemical analysis as a method to predict crop responses to phos¬ 
phate fertilizers. Active research on soil phosphorus was apparently 
under way in the Bureau of Soils during this period, since several pub¬ 
lications, among which was a bulletin on “absorption of phosphates and 
potassium by soils” by Schreiner and Failyer (1906), appeared in the 
next few years. Research papers by Fraps (1906) and Stoddart (1909) 
and a discussion of phosphate reactions by King (1914) serve as ex¬ 
amples of work done in this country in the early part of the present 
century. Fraps’ paper is of especial interest, since he recognized the 
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pt^in soils from points widely scattered over the world were made 

by Hopkins. ^ Organic Phosphorus in Soils 

Soil phosphorus is usually considered primarily under two classes, 
organic and inorganic, each of which must be further subdivided. 
Present knowledge and reported data are both inadequate to make a 
completely satisfactory classification under either class. A multitude of 
compounds both organic and inorganic in nature could conceivably 
exist under soil conditions, and the properties of some of these have been 
studied extensively. The organic forms are dealt with in Chapter V 
and will not be discussed here. It must be mentioned, however, 
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that the proportion of organic phosphorus in soils may be high and that 
the bulk of the soil phosphorus in many agriculture soils is in the 
organic form. 

3. Inorganic Phosphorus in Soils 

a. Water-Soluble Inorganic Phosphorus . Investigations to determine 
the concentration of phosphorus in soil solutions or in water extracts of 
soils have shown that this form is extremely small. Burd and Martin 
(1923) and Pierre and Parker (1927) have shown that these concen¬ 
trations are of the same order and are ordinarily much less than one 
part per million. In some of the productive soils studied, Parker and 
Tidmore (1926) found that the water extracts and displaced soil solu¬ 
tions were more dilute in phosphorus than the minimum concentrations 
necessary for good plant growth in nutrient solution. 

Water-soluble inorganic phosphorus in soils is not a discrete form of 
some soluble phosphate salt dissolved in the soil solution. Ordinarily 
water-soluble phosphate is more accurately regarded as a concentration 
in equilibrium either with forms adsorbed on colloidal surfaces or with 
a combination of phosphate compounds of low solubility. The evidence 
on these alternatives will be considered later. 

b. “Acid-Soluble” Forms of Phosphorus in Soils. A large portion of 
inorganic soil phosphorus is soluble in acid and different concentrations 
of a number of acids have been used in phosphorus extraction studies. 
Although acids of specified strength do not make clean separations of 
specific forms of phosphorus, some selectivity can be obtained by vary¬ 
ing the concentration, the time of reaction, and the anion of the acid 
used. 

(7) Soil phosphorus soluble in strong , concentrated acids. Pro¬ 
longed digestions with concentrated mineral acids are considered to re¬ 
move the bulk but not all the phosphorus from soils. McLean (1936) 
studied the ability of strong acids, nitric, hydrochloric, and sulfuric, and 
found that practically the same amount of phosphorus was removed in 
different digestion periods from 1 to 48 hours. His conclusion that such 
extractions remove a definite phosphorus fraction is partially supported 
by Piper (1947), who, in summarizing methods for hydrochloric acid 
extracts, states that constant-boiling hydrochloric acid gives approxi¬ 
mately the same results as concentrated hydrochloric acid and that 
approximately as much phosphorus is dissolved in 1 hour as in 48 hours. 

Digestion of soils in strong hydrochloric acid was formerly believed 
to separate the “weathered” from the “unweathered” minerals and to 
give an estimate of the “total source” of the respective mineral 

nutrients. . 

Prolonged treatment with strong acids can be expected to dissolve in- 
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B "The anteof the acid as well as the concentration ot hydrogen ion is 
important in determining the solubility of many phosphate comjKmndn 
Russell and Prescott (1916) and Demolon and Barbier (1930) found 
that citric and oxalic acids were particularly effective. This effect wi 

be discussed further in a later section. , 

Dilute acids are widely used in diagnosing needs for phosphorus 
fertilizers, and research in this area is extensive and in itself subject of 
a review in this symposium. For completeness here, however, it should 
be said that the 0.2 N acid extraction was proposed for this purpose by 
Fraps (1906), Stoddart (1909), and Shedd (1921) because it would 
readily dissolve various combinations of calcium and phosphorus and 
attack more slowly the iron and aluminum phosphates. This approach 
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is in contrast to that of Dyer (1894) and Truog (1930), who aimed to 
adjust the acid strength to approximately that operating at the root 
surface in plant feeding. In both these latter cases the extracting solu¬ 
tions were such that a constant pH tended to be maintained during the 
extracting period. The anions in the two acids would, however, from 
present knowledge be expected to have a very different effect on the 
form of phosphate extracted. 

Significantly, extractants used in determining the phosphorus status 
of soils dissolve at least partially the phosphate-calcium forms. The 
nature of these forms is discussed in Chapter IV but, they are also im¬ 
portant in neutral and acid soils. 

Agricultural soils may usually be considered calcium systems. Even 
in humid areas of acid soils, the calcium ion is preferably the dominant 
one in the cation exchange complex and liming practices have devel¬ 
oped to assure this condition. The calcium-phosphate complexes are ex¬ 
pected in increasing amounts as neutrality is approached. Burd (1948) 
placed great emphasis on calcium forms, considering them as playing a 
dominant role in phosphorus nutrition of plants in most soils even at 
pH levels well below neutrality. He did not regard the calcium forms 
as a “definite molecular species” (i.e., having a definite Ca:P ratio) 
having a definite solubility but as a mineral species of secondary origin. 
A limed soil can be expected to be extremely heterogeneous in respect 
to pH. Micro areas next to lime concentrations or clay particles of a 
high calcium saturation could be more alkaline and could contain ap¬ 
preciable amounts of the calcium complexes although the whole soil 
may well be quite acid. “Easily acid-soluble” phosphorus in soils might 
be expected to contain the calcium complexes with varying amounts of 
other forms. 

c. Adsorbed Phosphorus and Phosphorus Soluble in Alkaline Solu¬ 
tions. In addition to workers mentioned above (Fraps, 1906; Stoddart, 
1909), the solubility of iron and aluminum phosphates in alkaline 
solutions has been investigated by Stelly and Pierre (1942) and by 
Williams (1937), who also showed that the only phosphate forms 
definitely insoluble in sodium hydroxide are those of the apatite type. 

Russell (1932) classified soil phosphorus compounds into three 

groups: 

“Inorganic phosphorus in neutral soils: probably a cal¬ 
cium phosphate: hydroxy apatite. 

Inorganic phosphorus in acid soils: presumably combina¬ 
tions with iron and aluminum oxides. 

Organic phosphates ...” 
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?TnSn and aluminum phosphates and the adsorbed phosphates 

tween tne 1 discussed more fully in Section IV. 

“ “ZZZS'J phosphor*. in the fractions of soil, vary greatly. Dean 
(1938) in 34 soils Iron, widely distributed sources, found that the ac.d- 
l ,Wp’fraction ranged from near zero to over 100 p.p.m. and made up 
to 40 per cent of total soil phosphorus. Amounts of alkali-soluble mer¬ 
it phosphorus were of the order of 50 p.p.m. to 600 p.p.m. with a 
maximum of 40 per cent of the phosphorus in this fraction. The mean 
percentages in the acid-soluble and alkali-soluble fractions were 10.9 
and 18.9, respectively, with a tendency for the acid-soluble fractior 
be larger in soils of higher pH and for the hydroxide-sohibk to be 
higher in soils of low pH. In Hawaiian soils Dean (1937) found var 
dons from 40 to 135 p.p.m. in the acid-soluble fraction and from 170 to 
390 p p m in the alkali-soluble. The acid-soluble fraction in a group ot 
untreated Illinois soils reported by Bray and Dickman (194t) ranged 
from near zero to over 300 p.p.m., while that soluble in 0.1 N NaOH 


ranged from 28 to 130 p.p.m. 

In addition to data giving the amounts of acid-soluble phosphorus in 
surface soils, considerable data have been accumulated on the amounts 
of acid-soluble and other forms of phosphorus in soil profiles. Pearson 
et al (1940) report total and acid-soluble (Truog method) phosphorus 
in horizons of twelve Iowa soils in which acid-soluble phosphorus was 
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as much as 78 p.p.m. in the surface and 250 p.p.m. in the subsoil. In 
general the lowest amounts of phosphorus were found in the lower A or 
upper B horizon. For other references on the amounts of phosphorus 

rough soil profiles, the papers by Allaway and Rhodes (1951), 
Wheeting (1924), and Stephenson and Chapman 
(1930) may be consulted as well as additional references cited bv 
Pearson et al. (1940). 

d. Residual ” or “Lattice r” Phosphorus. A portion of the soil phos¬ 
phorus, varying from a very small amount to over half the total phos¬ 
phorus, is inert to extracting reagents mentioned in the above fractiona¬ 
tion procedures. The nature of this residual portion is not known and 
has not been studied extensively. 

Dean (1938) found this residual fraction to amount to 40 per cent 
of the total phosphorus on the average and that the proportion had re¬ 
mained practically unchanged during 50 years of cropping and fer¬ 
tilization in the Rothamsted and Woburn plots. Dickman and DeTurk 
(1938) accounted for nearly all the phosphorus by the summation of 
the organic and acid-soluble fractions in some young Illinois soils but 
found that a considerable portion could not be similarly accounted for 
in the older soils. Although these authors did not report an adsorbed 
fraction at that date, subsequent work (Bray and Dickman, 1941) in¬ 
dicated that the adsorbed phosphorus would not account for the re¬ 
mainder of the soil phosphorus. 

The residual fraction is not likely to consist of titanium phosphates 
as is sometimes supposed. Fisher and Thomas (1935) found that ti¬ 
tanium phosphate was soluble in the acid fraction. Dean (1937), in 
studying the phosphorus fractions in soil profiles of Hawaii, found that 
the surface soil contained two or three times as much titanium as the 
lower horizons but was much lower in residual phosphorus. Perkins and 
King (1943a) concluded that, while titanium minerals adsorbed phos¬ 
phate, the amount could not be quantitatively important in most soils. 

In a petrographic study, Fry (1913) identified occluded apatite in 
quartz particles from sand separates of several soils and found that this 
phosphorus was insoluble in acids. Plummer (1915), using Fry’s meth¬ 
ods, also found apatite present either as “prismatic” apatite or as “tiny 
needles enclosed in other minerals” in the sand fraction of several North 
Carolina soils. Since some of these soils were from mountain regions, a 
colluvial origin is suggested. Leahey (1935), making separations by 
heavy mineral techniques, was able to identify apatite in a Lexington 
soil and in a few other unusual soils. 

Despite the evidence for the occurrence of apatite in certain soils it 
is nevertheless an unstable form in humid soils and is rarely found in 
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has been spurred by economic consideration^ Efficiency ot ^ ^ ^ 

has received great emphasis in peno s o D hosohate fertilizer by 

nomic stress and more complete recovery “ D hosphate fixation,” 

plants has been the A review of some types 

which was presumed to prevent that recove y “fixed” 

d Actions by which phcph,,, i, removed from rohmon and » f.xed 

in the soil is attempted in the following sections. 

1. Precipitation by Ions in the Soil Solution 

Among the explanations assigned to the removal of phosphate ions 
from their solutions when in contact with soils ,s the formation of sp 
ingly soluble compounds with cations of the soil solution. Ion 
cium, magnesium, iron, aluminum, manganese, titanium, and othe 
have been suggested at one time or another as precipitating g • 
Gaarder (1930) studied the precipitation of phosphate by iron 
aluminum at different pH levels. In an era when the science of chem¬ 
istry was largely concerned with stoichiometric reactions, the formation 
of compounds of definite molecular ratios appeared logical and reason- 
able. Fisher (1922) had defended this viewpoint and criticized the al¬ 
ternate views advanced by the workers of the period. He cited the work 
of Hall and Amos (1906), who had concluded that their studies of the 
solubility of native phosphorus indicated “the presence in the soil of 
several compounds of varying solubility.” When working with 
manured soils, however. Hall and Amos had found a logarithmic de¬ 
crease in solubility, “indicating the presence of one particular phos¬ 
phate dissolving in proportion to the mass of it present. Comber (1924) 
followed the reasoning of Fisher to deny the existence of the ‘ alleged 
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amphoteric properties” of soils. Fisher’s argument, covering both cations 
and anions, would appear unusual in the light of presently accepted 
concepts of clay mineral structures and cation exchange, in which cal- 
cium ions when taken up by the soil are not usually considered as 
precipitated in sparingly soluble calcium compounds. 

In recent years several investigations have been aimed at establish¬ 
ing the conditions under which ions of the soil solution form precipitates 
of new, discrete particles of a phosphate mineral. Haseman et al 
(1950a) treated goethite, gibbsite, illite, kaolinite, and montmorillonite 
with phosphate solutions and different bases and were able to isolate 
and identify, by optical and other methods, crystals of palmerite-like 
phosphate minerals with a formula [(H, K, Na, NH 4 ),(A1, Fe)] 
P0 4 *rcH 2 0 in which iron and aluminum could be present in widely 
varying proportions. If the cations (H, K, Na, NH 4 ) were not present, 
an isomorphous series of variscite-barrandite-strengite, A1P0 4 *2H 2 0- 
(Al, Fe)P0 4 *2H 2 0-FeP0 4 *2H 2 0, was found and identified. In a later 
paper Haseman et al (1950b) report further work in nonsoil systems 
showing that taranakite, 2(K,NH 4 ) 2 0-3A1 2 0 3 -5P 2 0 S *26H 2 0, and 
three other groups of similar minerals could be formed under conditions 
similar to those in soils. The formula of each of the minerals postulated 
permits extensive isomorphous substitution and would result in an al¬ 
most unlimited array of solubilities, properties, and compositions. 

Cole and Jackson (1950a) have also been able to identify, by X-ray 
diffraction, minerals of the variscite-barrandite-strengite isomorphous 
series which had been prepared in vitro , and they have studied (1950b) 
the solubility products in the variscite, A1(0H)H 2 P0 4 , system and in 
the minyulite, K[A1(0H) 2 H.P0 4 ] 2 0H, system. In this work the mini¬ 
mum solubility at the equilibrium pH was 4.0 in the variscite system 
and around 6.5 in the minyulite system. The minyulite, however, was 
apparently unstable and with further time changed to variscite with 
the lower equilibrium pH. 

According to Cole and Jackson (1950a), “Precipitation of the 
variscite series in soils takes place in the form of its crystals as a new, 
separate solid phase, and therefore its precipitation is distinct from 
adsorption. . . . True, these crystals may build up intimate association 
with the soil minerals serving as sources of aluminum and iron, possibly 
though not necessarily beginning as a single chemisorbed layer of phos¬ 
phate ions.” This view of precipitation as discrete crystals is similarly 
expressed by Haseman et al (1950a): “It is suggested that under some 
conditions phosphate may become fixed in the soil as substituted 
palmerites and compounds of the variscite-barrandite-strengite isomor¬ 
phous series. The escape of such crystalline products of the fixation re- 
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,nV Among a ear e iier investigations which led to a similar elusion was 
that by Metzger (1940), who worked with prairie soils and concluded 
£ absorption or precipitation” accounted for fixation and not sur- 

f£>C An explanation that phosphate is held in the soil by simple pre¬ 
cipitation sometimes leads to rather questionable conclusions. Precipi 
tion frequently connotes the formation of a definite compound of con¬ 
stant composition and equivalent ratios. This idealized compound would 
furthermore have a definite solubility and maintain at equilibrium a 
certain concentration of phosphate in solution as long as the solid phase 
was present. If the phosphate in a given soil were present as a senes ol 
insoluble compounds, the idealized situation would call for a stepwise 
decrease in solubility in a series of extractions. The solubility should 
be nearly constant until all of the most soluble compound dissolved, 
when the concentration in solution would then assume a level charac¬ 
teristic of the compound of next-lower solubility. 

The observed solubility of soil phosphate shows no such stepwise 
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changes but decreases very gradually with repeated extractions or dilu- 
tions. This gradual decrease is evidence, but not necessarily proof, that 
definite phosphate compounds are not present in soil. In isolated solu¬ 
tions phosphates of calcium, iron, aluminum, and other ions are difficult 
to precipitate in exactly the stoichiometric proportions of a definite com¬ 
pound, and once precipitated do not show a definite solubility. Holt et al. 
(1925) made extensive studies of calcium phosphate systems and found 
that the solubility product was difficult to establish and varied in the 
presence of soluble salts and other conditions. The same situation exists 
to a greater degree with phosphates of iron, aluminum, and manganese 
and the precipitation of single simple compounds of one of these ions in 
a diverse system like soil seems highly unrealistic. 

The precipitation explanation often conveys the impression that the 
precipitating ions are present in the soil solution and will disappear 
from solution in definite proportions to the phosphate ions added. Such 
a direct relation is very difficult to show in complex soil systems. Gen¬ 
erally, except for very acid soils, the concentrations of iron, aluminum, 
and manganese in the soil solution are very low and could account for 
only a small removal of phosphate (Magistad, 1925; Bear and Toth 
1942). 

Another weakness in the precipitation explanation is that the 
possible compounds have minimum solubilities at pH levels not com¬ 
mon in agricultural soils. The pH ranges for stability of the variscite- 
strengite systems have been mentioned. 

2. Reactions of Phosphates with Soil Particles 

a. Reactions with Hydrated Sesquioxides. Sesquioxides form in 
processes of weathering and are present to some degree in nearly all 
soils either as separate particles or as coatings on the other particles. 
These oxides form and exist in varying degrees of hydration and have 
been studied extensively as reactants with phosphates both in the pres¬ 
ence of soils and in isolated systems. 

The hydrated oxides of iron and aluminum react with phosphate 
and under some conditions result in the same products discussed under 
precipitation reactions in the previous section. In some cases, the phos¬ 
phate ions have been considered as attaching merely to the surface of 
the hydrated oxides as in an adsorption reaction and in other cases the 
reaction proceeds further to form the definite phosphate compound. In 
many respects, a distinction between reactions in which phosphate ions 
are precipitated from solution by ions of iron and aluminum and reac¬ 
tions in which phosphate ions are removed from solution by hydrated 
oxides is arbitrary, since the final products, if both reactions went to 
completion, would be identical. 
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lower soil pH levels when soluble phosphates are added. Among these 
minerals were vivianite, s.rengite, dufrenite, variscite and wavellite^ 
Reactions of phosphate ions with artificial gels of silica, alumina, 
and iron were studied by Gordon and Starkey (1922), Starkey and Gor¬ 
don (f 922 ) and Lichtenwalner et al. (1923 ), who found that p osp 
w„ taken up in proportton to concentration, in the added .o lutans and 
was subsequently released slowly in a senes of water extractions. A 
sorption of phosphate ions increased as the pH was d ^ rease ^^* e * s 
adsorption of nitrate and sulfate ions was much smaller an ^ ™ch less 
affected by pH levels. Silica gel adsorbed little phosphate (Wiley and 


Gordon, 1922). . ., A 

Tiulin (1936) ascribed “fixation” of phosphate to sesquioxides and 

also studied the uptake and release of soluble phosphates by iron gels 
and obtained results similar to those of Starkey and co-workers. The re¬ 
actions with gels were considered surface reactions; Tiulin discussed 
mechanisms of adsorption and favored an explanation in which both 
cations and anions were probably adsorbed in ionic layers around 
definite areas of the crystal lattice and believed that in these layers 
phosphate ions could be replaced by certain other anions. Starkey and 
Gordon (1922), regarded the reactions as adsorption reactions but felt 
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rescott (1916) had studied the reactions of soils with different 

Rnions and the effect of time and concentration on the amounts taken 
p. These workers concluded that the phenomenon was one of “adsorp- 

lon the concentration of one substance on the surface of another”_ 

but proposed no exact mechanism. Prescott (1916) reviewed the work 
of previous investigators and the theories on the absorption by soils. 

isher (1922) severely criticized this concept and explained the uptake 
of oxalate by soils as a precipitation by calcium and of citrate by iron 
and aluminum. This criticism, based on the limited knowledge then 
available about the nature of soil colloids, probably tended to discourage 
investigations of anion adsorption. 

b. Reactions with Clays. Developments in the concepts of clay min¬ 
eral structures and cation exchange stimulated investigations of the re¬ 
actions of phosphate ions with clay particles after precautions had been 
taken to remove all easily soluble metal ions and sesquioxides. Thus, 
Roszmann (1927), using dialyzed clay from a Putnam soil, observed a 
considerable uptake of phosphorus and drew some comparisons between 
that reaction and cation exchange. Scarseth and Tidmore (1934b) also 
found retention of phosphates by several clays which had been purified 
by electrodialysis and found that clays with a low silica: sesquioxide 
ratio held more phosphate against extractions with dilute acids. Toth 

(1937) also showed that the removal of iron oxides reduced phosphate 
retention. 


(/) Mechanisms of adsorption. No single explanation is sufficient 
to cover all cases of phosphate uptake by clays, and a number of 
mechanisms for these reactions have been proposed. General practice 
is now to group those which occur at the colloid surface and result in 
a concentration at the interface” as adsorption reactions. The term 
adsorption does not imply, as was formerly the case, that only “phys¬ 
ical” and not “chemical forces” are involved. This current usage has 
been criticized (Kelley, 1946) but will be accepted throughout this 
discussion. The term adsorption, which admittedly covers a number of 
mechanisms, is justified by the fact that the phosphate held on the col¬ 
loid is a function of the concentration in solution, and that solubility of 
this adsorbed phosphate is related to the amount adsorbed rather than 
to the solubility of any particular compound. A somewhat more logical 
classification and terminology for different types of phosphate fixation 
has been described diagrammatically by Williams (1949). 

Following the work of Roszmann (1927), Bradfield et al. (1935) 
proposed three mechanisms for phosphate reaction with clays. These 
mechanisms were essentially those used by Scarseth (1935), who found 
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attempted to use arsenate solutions to replace adsorbed phosphate and 
SSd arsenate adsorption by the soil. Conrad ( 1939 ) demonstrated 
retention of phosphate compounds which do not form inso u 
3* the soil constituents. Burd and Murphy (1939) used sodium hy¬ 
droxide to displace adsorbed phosphate and took into account this frac¬ 
tion and the anion-adsorption capacity along with the usual easily acid- 
soluble fraction for the prognosis of phosphate deficiency m soils. 
Dickman and Bray (1941) proposed the use of fluoride to displace ad¬ 
sorbed phosphate, and Piper (1947) suggested a method for determin¬ 
ing the anion-exchange capacity. , 

In a series of detailed studies, Dean and Rubins (1947a, 1947b) and 
Rubins and Dean (1947) showed that phosphate and arsenate could be 
alternately adsorbed and then mutually replaced. Replacement of phos¬ 
phate by other anions (fluoride, tartrate, and citrate) was also com¬ 
pared, but an equivalent anion-for-anion exchange was not found. 
These investigators considered that the adsorption being studied was an 
exchange for hydroxyls at the edges of the lattice and in support of this 
mechanism gave data showing a general relation between the anion- 
exchange capacity and the specific surface. Marshall (1949), in dis¬ 
cussing anion exchange in clays, considered that the hydroxyl ions asso¬ 
ciated with aluminum ions at the crystal edge would be exchangeable, 
and if this were the case the ratio of cation: anion exchange capacities 
should be around 1:1 in kaolinitic clays. Mehlich (1948) has deter¬ 
mined such ratios in a number of clays and soils and has found con¬ 
siderable variation among kaolinites. Some of this variation can be ex¬ 
plained by impurities, but Mehlich (1950) found a ratio of somewhat 
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greater than 1:1 even after the kaolinite was treated to remove hydrous 
oxides. Different methods of determination, especially of the anion- 
exchange capacity, by different investigators can be expected to produce 
discrepancies in these ratios. 

Murphy (1939) explained retention and low availability of phos¬ 
phate retained by kaolinite and kaolinitic soils by an exchange of added 
phosphate with hydroxyl ions of the hydroxyl layers in the kaolinite 
crystal lattice. This explanation was supported by Stout (1939), who 
found that phosphating ground kaolinite changed the X-ray pattern and 
that the water formed from released hydroxyls was equivalent to the 
phosphate adsorbed. A similar interpretation of the reaction between 
kaolinite and phosphate was given by Black (1941). Kelly and Midgley 
(1943) demonstrated the release of hydroxyls from iron hydroxide and 
ground kaolinite during reactions with phosphate and pointed out that 
these reactions in the case of the iron hydroxide would result in a hy¬ 
drated iron phosphate. With kaolinite an analogous reaction would re¬ 
sult in “kaolinite phosphate,” in which aluminum ions in the surface of 
the kaolinite retained the phosphate ion. 

Sieling (1946), after extended study of the reactions of phosphate 
and arsenate ions with ground kaolinite, concluded that the chief reac¬ 
tion was not between phosphate and kaolinite but between a product of 
the grinding, “possibly a hydrous alumina such as —AlOOH,” and that 
hydroxyls were released during the reaction. Ensminger (1948) also 
demonstrated a release upon heating of water equivalent to phosphate 
taken up by hydrated oxides and clay minerals. Low and Black (1947) 
found that kaolinite could be decomposed by concentrated phosphate 
solutions with the formation of some type of aluminum phosphate com¬ 
pound and a release of silica. Citrate extraction of the “fixed” phosphate 
removed aluminum in constant equivalent ratio to phosphorus and was 
taken as proof that an aluminum phosphate compound had been formed. 
This explanation that the anions effective in removing phosphate are 
those which combine with the precipitating cation is in agreement with 
the explanation given by Teakle (1928) for the effect of oxalate. Sieling 
and co-workers (Swenson et al ., 1949; Struthers and Sieling 1950; and 
Dalton et al ., 1952) have studied the effects of anions on dissolving or 
preventing precipitates of the phosphates of the sesquioxides. The ability 
of an anion to extract the phosphate ion from either an absorbed or a 
precipitated condition is apparently closely related to its ability to com¬ 
plex with iron and aluminum. The role of complex formation in this 
connection was probably first suggested by Davis (1935). 

From the preceding paragraphs it is evident that no single mech¬ 
anism is involved in the reaction of phosphate ions with soil particles 
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Mattson and Hester (1935), by Toth (1937), and, as mentioned m the 
previous paragraph, by Low and Black (1950). Growth responses from 
added silfcatefhave been attributed to increased availabihty ot phov 
nhate due to replacement or reduction of fixation of phosphate bj the 
sihcate ions (Toth, 1939; Weiser, 1933; Schollenberger, 1922). Quanti¬ 
tative relationships involved in this exchange have, however, not been 

blither mechanisms of adsorption are probably possible and have 
been suggested. Just as cation-exchange spots result on the crystal sur¬ 
face from substitution within the lattice of cations of smaller charge, 
e e Mg** for Al***, a negative exchange position might arise from the 
reverse substitution. Such a type of “counter ion” adsorption, if it 
occurs, has not been separated from anion exchange occurring at the 
exposed iron and aluminum ions in the lattice edges. “Saloid bound 
anions in an ion swarm around the particles have been suggested and 
would, if present, be confused in determination with exchangeable 

anions of other types. 

Bloch (1950) has demonstrated chloride adsorption by surface 
precipitation with silver ions in the cation-exchange complex. A similar 
reaction should be presumed even more probable with phosphate and 
may be analogous to reactions with calcium ions in slightly acid soils. 
Another interesting mechanism for anion exchange has been suggested 
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by Mortland and Gieseking (1949), who studied anion adsorption by 
amino groups of polyamine compounds which had previously been ad¬ 
sorbed by clays. This type of anion adsorption is probably not important 
in the soil. 


3. Factors Influencing Phosphate Retention 

The course and extent of the reaction of added phosphates in soils 
may be influenced by a number of variables. Many of these have been 
touched upon in the preceding discussion and are enumerated below 
with little additional discussion. 

a. Concentration of Phosphate Ions in Solution. Under many con¬ 
ditions the extent of adsorption is governed primarily by the concentra¬ 
tion of added phosphate in solution. This concentration effect is par¬ 
ticularly important in the initial short-time reaction before equilibrium 
is attained between the phosphate on the colloid and in the solution. 
Hibbard (1935) stated that soils had no definite “fixing power” but that 
fixation was a function of the concentration in the solution at equi¬ 
librium. Dean and Rubins (1947a) and Ravikovitch (1939) also showed 
the relation of concentration, and Russell and Prescott (1916), Davis 
(1935), Kurtz et al. (1946), and Low and Black (1950) demonstrated 
that the adsorption agreed with the Freundlich adsorption equation. 
Low and Black have shown that the type of reaction (see Section 
III.2.b.) can also be determined by concentration. 

b. Time of Reaction. The reaction of phosphate with soils and clays 
can probably never be considered entirely complete as long as an ap¬ 
preciable concentration of phosphate remains in solution. Some of the 
surface reactions (adsorption in the ion atmosphere, counter ion ad¬ 
sorption, and possibly exchanges of some types of surface hydroxyls) 
are completed quickly and the rate of reaction decreases rapidly. Re¬ 
orientation of adsorbed ions, dehydration of the products formed, and 
phosphatolysis of the clays may apparently continue almost indefinitely 
at a very slow rate. 

c. Temperature. The rate of adsorption is increased by increased 
temperature, but the nature of the reaction is considered unchanged 
(Low and Black, 1950). Investigators (Heck, 1934b; Bass and Sieling, 
1950) have utilized increased temperatures to speed the reaction when 
attempting to determine the “phosphate-fixing capacity” of soils. 

d. Reaction (pH) of the Solution. The effect of pH upon phosphate 
retention by clays has been discussed. Maximum adsorption at low pH 
levels, 3.0 to 4.0, has been reported and is usually regarded as due to 
decomposition of the clay and precipitation of phosphates of the sequi- 
oxides. Kaolinite and montmorillonite have been studied most fre- 
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re TtS; ^Vo“ri,ion increases with decreas.ng 
particle size and finer clay fractions have appreciably greater anion- 
adsorption capacities than coarser fractions (Coleman, 1944b; and er- 
,. ^ J rr: ne 1944 ) This greater capacity would be expected in th 

^r .™cS»r’hS gLer specific Uce and i.rger nunsber 

° f ^Effea^ofExchangeable Cations. Even at pH levels below nen- 
tralitv where calcium precipitation would not be expected, calcium 
clays retain more phosphate than do sodium, ammonium or potassium 
clays (Gilligan, 1938; Heck, 1934c; Scarseth and Tidmore, 1934a, 
Chandler, 1941; Pratt and Thorne, 1948; Ravikovitch, 1934V Whet er 
this additional retention is a precipitation of a calcium phosphate at the 
colloid surface or, as suggested by Scarseth (1935), a linking of phos¬ 
phate to the colloid through a calcium ion on the exchange complex is 
not clear. This mechanism might explain the increased cation-exchange 
capacity observed to result from phosphate adsorption (Toth, 1937; 
Hester, 1937; Davis, 1945; Coleman and Mehlich, 1948). 

h. Effect of Salts. Phosphate adsorption is influenced by the presence 
of electrolytes in the solution. In general this effect has been to increase 
adsorption (Kurtz et al. 9 1946; Low and Black, 1950; Lehr and Van 
Wesemael, 1952), but recent studies by Wild (1950b) show that the 
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chlorides of potassium and sodium, while increasing adsorption in pH 
ranges of 6 to 7, have little effect below pH 3.6, and that potassium sul¬ 
fate actually decreases adsorption at this low pH level. Wild attributes 
this salt effect to an influence on the solubility of slightly soluble phos¬ 
phate compounds and cites (1950a) a number of papers on the effect 
of salt solutions on the solubility of phosphates of calcium, iron, and 
aluminum, as well as on soil phosphates. The effect of special anions in 
dissolving or replacing phosphate has been discussed. Conceivably, in¬ 
creased electrolyte would increase the concentration of an ion atmos¬ 
phere about the colloid and phosphate would be loosely held in this 
atmosphere provided it is more strongly attracted to the colloid than to 
the anion of the added salt. 

IV. Crop Utilization of Different Forms of Phosphorus 

Many investigators have attempted to study in isolated systems the 
utilization by plants of the compounds alleged to form during phosphate 
fixation reactions. These studies have given variable results and cannot 
be interpreted with a high degree of precision. 

1. Utilization of Iron and Aluminum Phosphates 

As was mentioned previously, many combinations of phosphate 
with iron and aluminum are possible. The properties of these materials 
are probably dependent on the degree of crystallinity, age, and propor¬ 
tion of metal, hydroxyl, and phosphate ions. 

Early trials by Patterson (1907) with iron and aluminum phos¬ 
phates as fertilizers in field experiments gave excellent results. Trials 
in sand culture with precipitated iron and aluminum phosphates by 
Ellett and Hill (1910) gave yields as large and about 75 per cent as 
large, respectively, as superphosphate. Truog (1916), working with 
chemically pure materials, found that aluminum phosphate was ex¬ 
tensively utilized by a variety of plants, giving yields from 75 to 100 
per cent as great as superphosphate. Iron phosphates, especially ferrous 
phosphate, gave somewhat less crop growth. Marias (1922) summarized 
the work of several investigators in addition to those mentioned above; 
he studied further a number of natural iron and aluminum phosphates 
and found that their solubility could be increased greatly by heating to 
drive off the water of hydration. In pot cultures with soils to which iron 
phosphate was added, Scarseth and Tidmore (1934b) obtained yields of 
sorghum of around 24 per cent relative to superphosphate. Brown 
(1937), using the natural iron and aluminum phosphates, variscite and 
wavellite, similarly obtained beet yields about 75 per cent of that re¬ 
sulting from the addition of superphosphate. McGeorge and Breazeale 
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2. Utilization of Phosphate Adsorbed by Gels 
of Iron and Aluminum Hydroxide 

Wiley and Gordon (1923) and Tiulin (1936) found that]phosphate 
j u a w oplc of iron and aluminum hydroxide could be a 
sourceTof phosphorus and that the phosphorus which could be obtamed 
, v D l a nts was proportional to the degree of saturation of the ge . 
nroDosed a “critical saturation” below which this form of phosphorus 
P P 1H hP insufficient for plant growth. This explanation was used by 
Wilhins and Stewart (1943) to explain phosphate fixation in certain 

Scottish soils. 

3. Utilization of Phosphate Adsorbed by Soil and Clay Particles 

Few experiments have been attempted in which adsorbed phos¬ 
phorus was the sole source for plant growth. The available evidence 
however, indicates that this form can be readily utilized Dean and 
Rubins (1945) demonstrated uptake by barley plants of phosphat 
adsorbed on kaolinite. Coleman (1942b) obtained good growth of corn 
and oats from both montmorillonitic and kaolimtic clays which had 
previously been carefully purified and allowed to adsorb phosphate. 

Supporting evidence that the adsorbed fraction can be readily uti¬ 
lized may be implied from the increase in this form in soils following 
additions of soluble phosphate fertilizers (Schollenberger, 1947; Dean 
and Rubins, 1947b). 


V. Importance of Phosphate Fixation in Soil Fertility 

Contrary to the apparent belief of two decades ago, more recent evi¬ 
dence indicates that the reactions of phosphate with soils are not en¬ 
tirely irreversible and that for most soils the term “fixation ’ is an 
exaggeration. 

The belief that added phosphates were quickly converted to forms 
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which could be utilized *by plants was based on incomplete recovery of 
fertilizer phosphate by plants, lack of response to phosphate fertilizer 
on certain soils, and a lack of solubility of added phosphate in extract¬ 
ants which measure the “available” phosphorus. 

Evidence has accumulated that phosphate from newly added ferti¬ 
lizer furnishes only a fraction of the crop uptake and the portion not 
recovered by the first crop has definite residual value (Volk, 1945), 
although annual additions of some soluble phosphate may be necessary 
for maximum yields of certain crops. Low recovery of added phosphate, 
formerly attributed to phosphate fixation, is frequently due to other 
causes. Scarseth and Chandler (1938) and Ensminger and Cope (1947) 
made total analyses of soils which had received large additions of phos¬ 
phate and found that much of the phosphate presumed to have been 
fixed was not actually present in the soil and had probably been re¬ 
moved by erosion. 

Added phosphate cannot be assumed to be valueless to plants be¬ 
cause it is not easily extracted by chemical reagents. Phosphate ob¬ 
tained in most of the rapid extraction procedures represents an equi¬ 
librium value and not a complete measure of the form. Coleman 
(1942b) obtained good crop growth on montmorillonitic and kaolinitic 
clays after different samples of each had been extracted respectively 
with water, dilute nitric acid, dilute sodium hydroxide, and dilute sul¬ 
furic acid buffered to pH 3.0. Coleman concluded that failure of crops 
to respond to added phosphate, often attributed to rapid fixation by the 
soil, was due to a sufficiency of phosphorus already in the soil and that 
large amounts of phosphorus formerly “considered fixed are available to 
plants.” Williams (1951) also obtained good plant growth with acetic 
acid-extracted soils as the sole source of phosphorus. 

In summary, the current viewpoint is that, in acid and neutral soils, 
phosphates react quickly to an adsorbed form which can be readily uti¬ 
lized by most crops. In time this initial form is gradually converted to 
a less soluble form which is less available. The duration of this conver¬ 
sion depends on the concentrations involved and the phosphorus status 
of the soil, but it is usually of the order of several months. Recent dis¬ 
cussions of the general problem of phosphate fixation have been given 
by Williams (1950) and Barbier et al. (1948). 
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Chapter IV 

Inorganic Phosphorus in Alkaline and Calcareous Soils 

STERLING R. OLSEN 


I. Introduction 

The important phosphate chemistry in alkaline calcareous soils.in¬ 
volves" largely the nature and reactions of slightly soluble P ' 

presen, m ,he soil end of ,h. d-W-- 
suiting from the reactions between the soil and apphed phosphate erti 
hzers. Considerable data have been accumulated since 1925 from studies 
concerned with (1) the use of phosphate fertilizers (2) soil fac - 
affecting the availability of phosphorus to plants and the reactions o 
the fertilizer with the soil, and (3) the development of soil tests renting 
the extractable phosphorus with the crop response to applied 

The purpose of this paper is to review the past work, to stress th 
present state of knowledge of the subject, and to point out the problems 
needing further investigation. Major emphasis will be given to the im¬ 
portance of the physicochemical reactions occurring between the solid- 
phase calcium phosphates, the soil solution, and the root membranes 
and the nature of the residual phosphates formed from applied 

fertilizers. , 

The term “phosphate” will refer to the anions which are formed 

from the dissociation of orthophosphoric acid or any of its salts. 


II. Definition of Alkaline and Calcareous Soils 

A calcareous soil is one containing calcium carbonate. Alkaline soils 
are included with calcareous soils because there are many characteristics 
common to both soils. In general these soils occur largely in arid regions. 
An alkaline soil has a pH greater than 7. It should not be confused with 
an alkali soil, which has a high exchangeable-sodium percentage. Burd 
(1948) uses the term “calcareous” to describe those soils containing 
large amounts of exchangeable calcium and limited amounts of kaolinite 
or hydrated oxides of iron and aluminum, and in which calcium plays 
a dominant role in determining phosphate solubility. This definition 
does not conform, however, to those given in soil classifications. There 
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is no sharp line of distinction between slightly alkaline soils and a neu¬ 
tral or slightly acid soil with respect to phosphorus. 

III. The Forms of Soil Phosphorus 

Native phosphorus in these soils occurs chiefly in the form of hy¬ 
droxyapatite, fluorapatite, chlorapatite, wagnerite, and wavellite, and 
in organic compounds, according to Hibbard (1931). Other minerals of 
iron and aluminum phosphates undoubtedly exist in the soil, as well 
as other calcium phosphates and manganese phosphates. In calcareous 
soils the various forms of calcium phosphate predominate, whereas in 
acid soils the iron and aluminum phosphates are as important as the 
calcium phosphates or perhaps more so. The relative importance of iron 
and aluminum phosphates in alkaline and calcareous soils has not been 
determined, although McGeorge and Breazeale (1932) imply that the 
iron and aluminum in calcareous soils may be active in the precipitation 
of phosphorus in difficultly available forms. McGeorge and Breazeale 
(1931b) concluded that calcium phosphate in calcareous soils is present 
as the carbonate-apatite, or [Ca 3 (P0 4 ) 2 ] 3 -CaC0 3 . This compound will 
be discussed more fully under Section V. The amount of phosphorus on 
the surface of soil particles may be included also as a form of soil 
phosphorus. 

Fuller and McGeorge (1951) report that 31 per cent of the total 
phosphorus in nineteen Arizona soils was present in organic combina¬ 
tions, and Greb (1952) found 23 per cent organic phosphorus of the 
total in twenty-three Colorado soils. Very little is known regarding the 
importance of these organic forms in supplying phosphorus to plants 
in Western soils. 

IV. The Properties of Calcium Phosphates 

A review of the known properties of calcium phosphates will be 
helpful in understanding the application of this information to soil sys¬ 
tems. The complexity of the soil system with respect to phosphate be¬ 
havior has led to investigations of the pure compounds first, in order to 
more clearly define the soil system. In the case of calcium phosphates, 
however, an adequate definition of their behavior in aqueous systems is 
still a very difficult problem. An appreciation of some of these problems 
should aid in the interpretation of data on the behavior of calcium 
phosphates in soil systems. 

Eisenberger et al. (1940) give an excellent review of the basic cal¬ 
cium phosphates, a term they used to include tricalcium phosphate and 
the apatites. These authors emphasize the precautions one must ob¬ 
serve if the system is to be accurately defined. 
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phosphorus in ai^aune Bassett gl7) found that 

Starting with Ca(OH ^ a ” d , to ‘14 months. Eisenberger et al. 

•• a criterion of e,ui.,briu„, is 

n0, ^“:..ed calcium phosphate, 

„„ (1917) found a"'rr c ^ST( 0 Ctte” l.e mole P r.tio of 
water, i.e., hydroxyapatite, c a,o( p O,c(UH) 2 wn with 

c.° ,0 P,0. “ ft™ So'S^L S£l C.0 When treated 
larger ratios of P 2 0 5 tc smaller ratios will beC ome richer in 

? 0 The on y solution which contains P 2 O s and CaO in the same pro, 
JSoTas is found in the solid phase in equilibrium corresponds to the 

C °Te™ fl 93 ^Tnve P stS e ted the solubility of calcium phosphates 
and mentions a troublesome complication due to the formation of a 
complex ion between calcium and phosphate. Calcium phosphate so m- 
tions P show a more acid reaction than corresponding sodium phosphate 
solutions with the same degree of neutralization mth ^pect £ phos¬ 
phoric acid. He postulates a complex, such as Ca(HPO ,) 2 , which seems 
o have nearly the same acid strength as H 2 POr, and is consequent y 
much more acid than the ion HP(V. Bjerrum (1936) states that the 
degree of complex formation is usually less than 10 per cent. 

An appreciation of the difficulty in reaching equilibrium with cal¬ 
cium phosphates is evident from the work of Bjerrum (1936), since he 
reports two values for the solubility product of hydroxyapatite, i.e., one 
each for equilibrium approached from unsaturated and supersaturated 


An important property of the calcium phosphates is their specific 
surface. According to Hill (1952, personal communication) laboratory 
preparations of calcium phosphates having the same CaO-P 2 0 5 ratio 
may possess specific surfaces ranging from 4 to nearly 150 m . 2 per gram, 
and phosphate rocks appear to have specific surfaces between 1 and 20 
m . 2 per gram by the method of Brunauer et al. (1938). This wide range 
in particle size of precipitates with identical composition may cause dif¬ 
ferences in the solubility and solubility product of these calcium phos¬ 
phates. The solubility of small crystals of a precipitate has been shown 
to be greater than that of the large crystals by Dundon (1923), May 
and Kolthoff (1948), and Tourky and El Wakkad (1949). 

Eisenberger et al. (1940) suggest that the conception of an extended 
range of solid solutions seems to furnish a more consistent explanation 
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for the information available in the literature than does the assumption 
of a definite molecular species with the formula Caio(P0 4 )o(OH) 2 . As 
evidence they cite several cases where precipitates were formed with 
more than 3.3 moles CaO per mole of P 2 0 5 , when the solutions con¬ 
tained an excess of limewater. Lorah et al. (1929) studied the adsorp¬ 
tion of Ca(OH) 2 on Ca 10 (PO,) 0 (OH) 2 . The data followed the Freund- 
lich adsorption isotherm, and there was no evidence of a reaction be¬ 
tween basic calcium phosphate and Ca(OH) 2 , but the authors were in¬ 
clined to the opinion that, in addition to adsorption, solid solutions were 
produced. In the most concentrated Ca(OH) 2 solutions approximately 
one-third of a mole of Ca(OH) 2 was adsorbed per mole of basic phos¬ 
phate. 

According to Eisenberger et al. (1940), all the calcium phosphates 
will eventually display X-ray diffraction patterns similar to hydroxya¬ 
patite on protracted treatment with water. This seems justification for 
considering hydroxyapatite as the most stable calcium phosphate, but 
the conditions under which it is formed must be known in order to be 
certain of the purity of the final product. When calcium phosphates are 
repeatedly treated with neutral ammonium citrate solutions, the com¬ 
position of the precipitate approaches that of hydroxyapatite, according 
to Jacob et al. (1930). 

The information pertaining to the preceding discussions was ob¬ 
tained from phase rule, solubility, and solid-phase composition data. 
When X-ray diffraction methods were applied to the problem, a num¬ 
ber of different conclusions were proposed. Tromel and Moller (1932) 
show that a number of precipitates of different composition gave X-ray 
diffraction patterns identical with that of hydroxyapatite. Similar dif¬ 
ficulties in detecting the presence of carbonate in the apatite lattice have 
been discussed by Hendricks and Hill (1950). According to Eisenberger 
et al. (1940), when CaX 2 is associated with tricalcium phosphate, its 
molecules are placed in the crystal lattice, where they cause no detect¬ 
able difference in the important planes. These observations emphasize 
again the difficulties encountered in attempting to define the nature of 
calcium phosphates. Eisenberger et al. (1940) conclude that “the apatite 
lattice is tolerant not only to large variations in the components of the 
ternary system CaO—P 2 0 5 —H 2 0, but also to the inclusion of many 

other substances in large or small amounts.” 

Calcium phosphates may be prepared which are either richer in 
CaO or richer in P 2 0 5 than the equilibrium compositions, merely by 
altering the mode of precipitation, as shown by Hodge et al. (1938). 
Mattson et al. (1951) suggest that the calcium phosphates behave as 
amphoteric colloids and possess an active surface layer, and that their 
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characteristics of calcium phospliates dcscnbe^ y ^ ^ crystals> 
(1940) suggest the existence o 3 0^ ^ f thg preci pitates. 

but no mention is made of the P } definit ely show 

r h P O Bierrum (1936) also agrees that tertiary calcium phosphates 
Caj 2 8 _ Precipitated from aqueous solutions, and he states that precipi- 
ZTTZ^Ln, C.P.O. are m.rnme. of hydrory.p.Me and 
raleium phosphates richer in P 2 0 5 than hydroxyapatite. . 

Some of the known properties of orthophosphonc acid and various 
calcium 6 phosphates which are pertinent to soil studres are toed in 
Table ! and Table II. The data were taken from Farr (1950). The 


TABLE I 

SoLirBILITY Pboduct Constants of Several Calcium Phosphate s at 25* C 
Calcium ■phosphate Solubility product constant . pK 


Ca(H l P0«) a H 2 0 
CaHPCL 
CaHP(V2H 2 0 
Ca, 0 (PO4)«(OH)t 

• Data taken from Farr (1950). 

TABLE II 

The Proportion of Phosphate Ions in Solution per 100 Moles of Dissolved 

Phosphate® 


pH 

5 

6 

7 

7.2 

S 

9 

Moles H 2 PO 4 

Moles HPOr 

99.3 

0.6 

94.1 

5.9 

61.3 

88.7 

50 

50 

13.7 

86.3 

1.5 

98.4 


• Calculated from pK* value given by Bates and Acrcc (1943). 


1.1436 

6.6616 

6.6616 

111.8153 


solubility product constants for the various calcium phosphates are very 
useful in determining the effect of pH, soluble salts, and common ions 
on the solubility of the salts. These solubility products are given in 
terms of activities. The dissociation constants, K x> K?, K 3 . for H ? P0 4 
represent the three stepwise ionizations of H 3 P0 4 : i.e., 
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HsP 0 4 = H* + H2PO4-; H 2 POr = H* + HPO4-; HPOr = H + P 0 4 ’ 

At 25° C. these constants are: 

K x = 7.51 X lO’ 3 K 2 = 6.34 X 10"* A' 3 = 4.73 X 10-' 3 

The ratio of H 2 P0 4 ":HP0 4 = at any pH can be calculated from the re¬ 
lation [H 2 P0 4 -]/[HP0 4 =] = [H+]/£*; i.e., this ratio is 1:1 when the 
[H*] equals K 2 or at pH 7.2. Buhrer (1932) reports that these two ions 
are present in equal concentrations at pH 6.7, using the value for K 2 
reported by Abbott and Bray (1909). The value for K z given above was 
determined by Bates and Acree (1943) and is probably more reliable. 
Since Russell (1950) still used the data reported by Buhrer (1932) to 
calculate the ratio of H 2 P0 4 “ to HP0 4 = in relation to pH, it seems worth 
while to present the data calculated from the constant reported by Bates 
and Acree (1943). These data are shown in Table II. Small amounts of 
H 3 P0 4 and P0 4 occur also at each pH value. 

Additional properties of calcium phosphates will be shown in later 
sections as they pertain to the particular phenomena being described. 

V. Reactions of Phosphate with Calcium Carbonate 

The solid-phase soil solution processes are dynamic, and informa¬ 
tion based on studies of equilibrium conditions is necessarily of limited 
usefulness. The problem is to investigate phenomena in flux rather than 
systems in their final states, although the equilibrium studies may pro¬ 
vide basic steps toward the elucidation of the more complex dynamic 
equilibria. 

In applying the preceding information on calcium phosphates to a 
calcareous soil, the first problem is to explain the nature of the reactions 
between CaC0 3 and calcium phosphates, including soluble phosphate 
fertilizers. McGeorge and Breazeale (1931b) noted the depressing effect 
of solid-phase CaC0 3 on the solubility of rock phosphate and attributed 
the very low solubility of phosphorus in alkaline calcareous soils to the 
presence of calcium carbonate. The effect was due to the presence of 
solid-phase CaC0 3 as well as the common ion Ca*% since the solubility 
of phosphate was lower when solid-phase CaC0 3 was present than with 
saturated solutions of CaCO a . The authors state that apparently a reac¬ 
tion occurred between the CaC0 3 and the rock phosphate, with the for¬ 
mation of a new compound containing more CaC0 3 and having a very 
low solubility. They concluded that such a reaction occurs in calcareous 
soils and that the calcium phosphate was present as a carbonate-apatite. 
These conclusions were based only on solubility measurements, and 
actual identification of such a compound was not made. Supporting 
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,he S :„ h t.TolSty oT mck phosphate «hy- 

c^SSmTAd»rp«on'.f carbonate and calcium >o„, 
tl0 |^ th sur face of the rock phosphate crystals would modify the natur 
“f tHe out^layer of ion s by enriching the surface layer with Ca~, and 

d ecre ase the activity of the phosphate ions. The solid-phase ca cium 
carbonate would also adsorb phosphate ions from solution Ofto 'ts sur- 
® nnd t he relatively higher activity of Ca ++ from the CaC0 3 com 
pared to Ca** from the rock phosphate w-ould lower the activity o t e 
phosphate ions. The nature of the CaCO, surface may be such that the 
phosphate ions fit well onto the surface of the crystal, thus causing an 

additional lowering of the phosphate activity. . , . 

Evidence for these conditions is found by analogy with similar reac¬ 
tions in bone and enamel, in recent explanations for the nature of car¬ 
bonate in bone and francolite, and in the reactions of phosphate ions 


*th CaCO 

™ Carbonate is found in bone, enamel, dentine, and in the minerals, 
collophane and francolite. All these substances have apatite structures 
b v X-ray analysis. Gruner and McConnell (1937) maintain that the 
carbonate in francolite is present as a part of the crystal lattice, an 
that the unit cell edges of francolite differ slightly from those of fluor- 
apatite; but Hendricks and Hill (1950) state that X-ray goniometer 
photographs of francolite crystals are identical with those of fluorapatite. 
The francolite crystals contained 3 per cent C0 2 , which if present as a 
part of the crystal lattice would be likely to change the diffraction pat¬ 
tern. The question as to whether the crystal lattice dimensions of op¬ 
tically clear francolite crystals differ from those of fluorapatite is not 
definitely settled. 

Logan and Taylor (1938) observed a preferential solution by acid 
of carbonate in bone. Addition of enough acid to dissolve only 10 per 
cent of the phosphorus removed 57 per cent of the C0 2 . Calcium phos¬ 
phate precipitates formed at pH 7.0 to 7.4 in solutions containing 
HCCV ions removed Ca~ and C0 3 = ions from solution even though the 
product [Ca ++ ] X TC0 3 = ] was less than the solubility product of CaC0 3 . 
The change in the precipitates during equilibration consisted essentially 
in an increase in CaCO* or Ca(OH) 2 . The composition of the precipi- 



96 


STERLING R. OLSEN 


tates after 20 days equilibration depended on the composition of the 
liquid phase in respect to Ca^ and anions which may be adsorbed. They 
regarded the addition of carbonate as a step which took place subsequent 
to the formation of the main crystal structure. 

Crystalline CaC0 3 has not been observed in bone by the very sensi¬ 
tive test of its high birefringence, according to Hendricks and Hill 
(1950). The explanation proposed by them, that the carbonate is ad¬ 
sorbed on the surface of the calcium phosphate crystals rather than 
being a constituent of the lattice, appears to best explain the observed 
properties of bone, enamel, and francolite. They proposed that the car¬ 
bonate groups of enamel and francolite are present on surfaces which 
are entrapped as the crystallites grow and are surrounded by phosphate. 
Evidence for entrapped surfaces was obtained by comparing the sur¬ 
face areas of unground and finely ground crystals with bone. Grinding 
the bone sample had little effect on the surface area, whereas grinding 
enamel and francolite caused a much larger increase in surface area 
than would be expected from the decrease in particle size alone. Thus, 
inner surfaces w'ere exposed on grinding, which were then measurable 
by the gas adsorption method. 

Boischot et al. (1950) studied the reaction of dilute phosphate solu¬ 
tions with calcium carbonate. The initial reaction was found to be an 
adsorption onto the surface of calcium carbonate particles rather than 
a precipitation of an insoluble phosphate as a separate phase. The 
amount of phosphorus adsorbed is a function of the fineness of the 
CaC0 3 particles. When the phosphate concentration as Ca(H 2 P0 4 ) 2 ex¬ 
ceeded approximately 5 X 10 -5 M phosphorus, at pH 8.3 to 8.5 precipi¬ 
tation did occur. 

Similar studies on the adsorption of phosphorus on CaC0 3 were con¬ 
ducted in this laboratory and in general confirm the observations of 
Boischot et al. (1950). With dilute solutions of K 2 HP0 4 , the phosphate 
adsorbed on the surface of the CaCO, particles until the phosphorus 
concentration reached 2X10^ M. The data fit the Langmuir adsorp¬ 
tion isotherm in the initial stages of the reaction. Conformance of the 
data to this equation does not constitute final proof that monolayer 
adsorption is occurring, but it may be considered as strong evidence in 
favor of such a reaction mechanism. When the phosphorus concentra¬ 
tion was greater than 2 X lO" 4 M , as K 2 HPO,, precipitation began and 
the equilibrium phosphorus concentration fell below the level found 
just prior to precipitation. 

The preceding discussions indicate the complexity and variety of 
reactions that can occur between CaC0 3 and calcium phosphates. The 
evidence is quite strongly against the formation of a compound in soils 
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VI. Reactions of Fertilizer Phosphorus with the Soil 

A second application of the information assembled on basic ca^- 
cium phosphates is to the problem of the nature of the re ^ . 

native and residual soil phosphorus will be shown in this sectio . 
understanding of these phenomena is particularly important to th 
problem of developing and interpreting soil tests for extractable ph 
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The effect of salts on the solubility of native and applied phosphorus 
is intensified in soils of arid regions because of the greater abundance 
of soluble minerals and salts. When a neutral salt is added to a saturated 
solution of a slightly soluble salt, BA, the activity coefficients of the ions 
B* and A' decrease. This means that the solubility of the salt, BA, in- 
creases in solutions of electrolytes having no ion in common with the 
precipitate, according to Lewis and Randall (1923). This phenomenon 
is commonly referred to as the “salt effect.” Salts having an ion in com¬ 
mon with the precipitate decrease the solubility of slightly soluble salts, 
although the common-ion effect is counteracted to varying degrees by 
the salt effect. A salt which hydrolyzes to give a change in pH would 
exert a twofold effect on the solubility of slightly soluble salts, i.e., the 
salt effect and the change in pH. 

The expected effect of salts on the solubility of pure calcium phos¬ 
phates is clearly indicated above. In soil systems, however, many appar¬ 
ently contradictory results have been reported. McGeorge and Breazeale 
(1931a) found that NaCl, KC1, and K 2 S0 4 all decreased the solubility 
of rock phosphate and soil phosphate in a calcareous soil. Greaves 
(1910) found that KC1 and NaCl decreased the solubility of rock phos- 
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phate and soil phosphate but that NaNO, and K 2 S0 4 increased the 
solubility. Karlsson and Mattson (1940) found that 0.5 N KC1 solutions 
increased the solubility of powdered apatite twofold. Apparently, the 
impurities present in apatite, such as CaCO„ may cause variable results 
as to the solubiUty effect of salts. Hibbard (1935) found an increase in 
solubility with Na 2 S0 4 and (NH«) 2 SO, and a slight depressive effect 
with K,S0 4 on the solubility of phosphate in four soils. Calcium and 
magnesium sulfates depressed the solubility of the soil phosphate on 
three of the four soils, but increased the solubility on a fourth soil. Wild 
(1950) has summarized the studies on the effect of salts on phosphate 
solubility and concluded that there is insufficient knowledge to explain 
these apparently contradictory results. 

Buhrer (1932) points out that alkali chlorides decrease the solubility 
of phosphate in calcareous soils by interaction with the CaC0 3 . The salt 
increases the solubility and hydrolysis of the CaC0 3 to produce a higher 
Ca~ ion concentration, which in turn reduces the phosphate concentra¬ 
tion. Lehr and Wesemael (1952) presented results with various Dutch 
soils showing that phosphate solubility decreased with increasing con¬ 
centration of neutral salts, the depressing effect increasing in the order 
Na < K < Mg < Ca and being less marked with sulfate than with 
chloride or nitrate. Different results with pure phosphorus compounds 
were attributed to the absence of interactions between the salt solutions 
and the soil. In soil, the cations replace Ca** from the exchange com¬ 
plex, and the Ca** then precipitates the phosphate ions from solution. 

Kurtz et al. (1946) studied the adsorption of phosphate by Musca¬ 
tine silt loam in water and in 2 per cent KC1 solutions; the adsorption 
was much greater in the KC1 solution. Ericksson (1940) showed by pot 
experiments and soil studies that KC1 caused a decided fixation of the 
phosphate in soils rich in sesquioxides. Hazeman et al. (1950) have 
identified some of the compounds resulting from the reaction of phos¬ 
phate with clay as members of an isomorphous series with the general 
composition [(H, Na, K, NH<) 3 (Fe, Al)]PO«*/ iH 2 0. These data are 
cited as additional evidence that added salts may interact with the soil 
to give decreases in the solubility of the soil phosphorus. With KC1, the 
salt may have entered into a specific reaction as a constituent of a pre¬ 
cipitated phosphate. The possibility that such reactions may occur in 
calcareous soils cannot be overlooked in explaining the effect of salts on 
phosphate solubility. A study of the nature of the interaction of salts 
with the soil as it affects phosphate solubility would appear to give the 
most promising answers to the conflicting data noted on the effect of 
salts on phosphate solubility. 

Karlsson and Mattson (1940) found that neutral salts depressed the 
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Lfstowlc... . specific reaction in the 

case of KC1. , _/ n951) show that similar elf eels 

In some later work Mattson ( ' A j p H values the 

were found with amphoteric calcium water . The 

phosphate solubility is greater m salt solut o h the isocloc- 

solubility in water is a minimum at pH - "s side of the 

trie point of the calcium phosphate studied. solutions, 

isoelectric point, the solubility in water is greater than in 
The pH values of the suspensions were increased by g alkaline 

The phosphate solubility of the calcium phosphate in th 

K- According to Hendrick, and Hill (1950), there 1, a sue 1 “ 
t ££L on the .urf.ee of bon. cry,..1,, -vhtch remit, .» » 

nreferential uptake of Na* rather than K + . 

P Mattson et al. (1951) explain their results on the basis of a Donna 

distribution of the ions between the solution and the a <; tive surf ^* 
layer of the calcium phosphate crystals. On the alkaline side where 
complex forms a cation atmosphere, the solubility in water (actually a 
dilute NaOH solution) increases as a result of the Donnan distribution, 
according to which [HPOr]..,.,,. > [HFO■/]^ This d.stnbu.on 
is suppressed by neutral salts, and leads to a lower phosphate solubility. 
On the acid side of the isoelectric point, the ion atmosphere is dominated 
by anions, and the effect of salt is that of anion exchange and a suppres¬ 
sion of the activity coefficient, both of which lead to a higher phosphate 


solubility. . ... 

The extent to which such reactions may occur in a calcareous soil is 

not indicated by Mattson et al. (1951). They found that CaCl 2 had a 
suppressing effect on phosphate solubility in all concentrations at all 
pH values, indicating that precipitation of a calcium phosphate was the 
dominant reaction. In the presence of free CaC0 3 in soils, it is quite 
likely that the precipitation reactions will remain predominant. 
Reitemeier (1946) studied the effect of dilution on the soluble salts in 
several calcareous soils. Both nitrate and chloride ions consistently 
showed a “negative adsorption,” or a decrease in concentration with in¬ 
crease in dilution, which can be explained on the basis of a Donnan dis¬ 
tribution. The phosphate ion, however, consistently increased in con- 
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centration with increases in dilution, an effect which Reitemeier (1946) 
attributes to solution of “insoluble” phosphates by additional water, 

• Utl ^L so u ^ le ca J ciu m salts, and anion replacement by hydroxyl 
ions, liius, the magnitude of a Donnan distribution of phosphate ions 
in a calcareous soil is quite likely to be small, but additional investiga¬ 
tions are needed to determine the actual effect. 

Alkaline soils saturated largely with calcium may be expected to 
show, to a greater extent than the calcareous soils, some of the effects of 
a Donnan distribution of phosphate ions of the type indicated by Matt¬ 
son et al. (1951). This is a problem certainly in need of further in¬ 
vestigation. 


2. Effect of Salts on Root Membranes 

If all of the effects of salts on the solubility of phosphate in a given 
soil were known, the system, with respect to the plant uptake of phos¬ 
phate, would be defined only in part. Mattson et al. (1949) studied the 
effect of electrolytes on the uptake of phosphate ions by peas on a clay 
soil, pH 6.96. The chloride and nitrate salts of Na, K, Mg, and Ca all 
increased the total phosphorus content of the peas and, in particular, 
the phytin content increased. Addition of NH 4 H 2 P0 4 also caused a 
marked increase in total phosphorus content and in phytin-P. When 
1 equivalent of CaCL per m. 2 (506 lb. CaCl 2 per 2 X 10* lb. soil, or 
0.025 per cent salt) was applied in addition to the NH 4 H 2 P0 4 , a further 
increase in total phosphorus content and phytin-P occurred. The au¬ 
thors had expected that the CaCl 2 would counteract the positive effect 
of the NH 4 H 2 P0 4 , by decreasing the solubility of phosphate in the soil. 
Nitrate uptake was likewise favored by the salts. 

Mattson et al. (1949) state that the mechanism involved can be 
explained by the Donnan distribution of ions between the soil solution 
and the root membrane. Regardless of which mechanism, or other 
possible explanations, the results of Mattson et al. (1949) emphasize 
that the total salt effect on the phosphate uptake by plants is composed 
of at least two important factors: (1) the effect on phosphate solubility 
in the soil, and (2) the effect of the salt on the root membranes. In this 
particular experiment, the latter effect more than compensated for the 
reduced phosphate solubility in the soil. 

The question arises as to whether these salt effects on the soil solu¬ 
tion and the root membrane occur in alkaline calcareous soils. Mattson 
et al. (1949) state that some nutrient solutions, e.g. the Hoagland solu¬ 
tion, are too concentrated for these studies and the salt effect is already 
so great that an extra addition of salt produces very little effect. The 
amount of CaCl 2 added by Mattson et al. (1949) is somewhat less than 
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the soluble salt content of many shghtiy saUne soils^ but 

centration range of many expected on some 

type of effects noted by Mattson et al. ( ) u ddit i ons 

alkaline calcareous soils, but in moderately saline soils, 

would be likely to show little effect. , ffect Q f sa lt 

According to Mattson « al. (1949), whether th■ ^ *^ 4 , 

will result in an increase or a decrease m phosp t P and 

upon several factors, such as the composition of the soil, the n 

concentration of the salt, and the pH. ivtoSO and con- 

McGeorge (1939) studied the effect of additions of MgS . 
centrated superphosphate on several Arizona soi s. y , r 

grass showed a slight increase in absorption of P hos P ha ^ aS ^ J t 
the MgSO*, whereas cotton absorbed less phosphate. Th 

'^Hie vaHations in content of salts normally present in and soils may 
be exerting effects on phosphate uptake by plants to a greater ex en 
than is generally assumed. In studies relating soil moisture levels to 
phosphate uptake, for example, the effect of moisture levels on salt con¬ 
tent with the subsequent effects on phosphate uptake by the plants, 
should be considered as one of the indirect effects of the various mois¬ 
ture levels. Reitemeier (1946) studied the effect of dilution on the 
soluble ions in soils. Those soils containing slightly soluble salts such as 
CaSQ, and CaC0 3 showed an increase in soluble salts on dilution, ex- 


cept for NCV and Cl". 

Wadleigh and Richards (1951) have reviewed the subject of 
nutrient accumulation in plants at various levels of soil moisture sup¬ 
ply. They state that most experimental evidence shows that, for a given 
level of fertility, decreasing soil moisture supply is associated with a 
definite increase in nitrogen content of the plant tissue, a definite de¬ 
crease in potassium content, and a variable effect upon the content of 
phosphorus, calcium, and magnesium. The effect of moisture on phos¬ 
phorus content is far less consistent than that observed for nitrogen and 
potassium. They attribute this to variations in the fixing power of soils 
for phosphate as conditioned by soil moisture content. In addition to 
variations in fixing power for phosphate, the possible effects on phos¬ 
phate uptake by the plants of variations in soluble salts, as related to 
soil moisture content, should also be considered. 


3. Effect of pH 

The effect of pH on phosphate solubility can be discussed adequately 
only when the combined effects of pH on the plant roots and the soluble 
phosphate are known. McGeorge (1939) indicates that in alkaline cal- 
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careous soils the phosphate solubility increases above pH 8.5, is at a 
minimum within the range 7.6 to 8.5, and increases again below pH 
7.6. Burd (1948) shows a curve for the solubility of phosphate in rela¬ 
tion to pH for a calcareous soil. A minimum solubility is indicated 
near pH 7.0, with increasing solubility at higher and lower pH values. 
Gardner and Kelley (1940) show solubility curves for soil phosphate in 
various Colorado soils. All the curves were of the same general type, 
with a minimum solubility near pH 7 to 8, and an increasing solubility 
at higher or lower pH values. 

If the pH is raised by additions of NaOH, the solubility of the cal¬ 
cium phosphate increases, but if Ca(OH) 2 is added to increase the pH, 
the solubility of the calcium phosphate decreases as a result of the 
common-ion effect. 

The results of various investigations agree generally that phosphate 
solubility in calcareous soils is at a minimum in the range of pH 7.0 to 
7.5, and increases with either an increase or decrease in pH from this 
range. With pure systems, or precipitated calcium phosphates, the re¬ 
sults are somewhat different. 

Gaarder (1930) found that the solubility of phosphate in a calcium 
phosphate suspension reached a minimum at pH 6.5, with little change 
up to pH 11. Benne et al. (1936), using techniques based largely on 
those of Gaarder (1930), found a minimum solubility for calcium phos¬ 
phate at pH 7.5 and no increase in phosphate solubility up to pH 12. 
Both studies w ? ere based on precipitates obtained by mixing soluble cal¬ 
cium salts with dilute solutions of H 3 P0 4 . Teakle (1928) added CaCl 2 
to NaH 2 P0 4 solutions and found a decreasing solubility of the precipi¬ 
tated calcium phosphate from pH 6 to 10. 

When Benne et al. (1936) added CaC0 3 , as a source of calcium in¬ 
stead of CaCl 2 , to the dilute H 3 P0 4 solutions, the phosphate solubility 
curve showed a marked difference in relation to pH. The pH was varied 
by additions of HC1 or NaOH to the suspensions. A minimum solubility 
occurred at pH 7.5; then the phosphate solubility increased as the reac¬ 
tion increased to pH 10, followed by a decrease. The authors attribute 
this effect to the slight solubility of the CaC0 3 and possibly to the effect 
of the Na\ When NaOH was added with CaCl 2 and H 3 P0 4 , however, 
complete precipitation occurred at pH 7.4, and no increase in soluble 
phosphate was found up to pH 12. Both carbonate and bicarbonate ions 
were present in these mixtures, and the authors state that when C0 3 - 
ion was present there was a tendency toward supersaturation of the 
solutions with respect to calcium and phosphate. 

The most interesting feature of the data of Benne et al. 9 (1936) 
where CaCO a was used is that the phosphate solubility curve is very 
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similar to that found for soil phosphatem ctlckiLfphos- 

by Burd (1948). Evidently the solubihty of pi ence of C aCl 2 or CaO 
phates in relation to pH is not the same m the be found 

as with CaC0 3 . A possible explanation of ^ese differences ^ ^ 

in the repression of the Ca~ activity due Benne gf aL ( 1936 ) 

the C<V in the presence of solid-phase CaCOs- system con- 

added H 3 PO. to the CaC0 3 first, followed by NaOH ^ and 

tained HCOr and C0 3 =. As the pH increases, the C0 3 » 

suppresses the Ca” ion activity, which allows a higher ac ivi y 

^ tter and Kelley (1940) showed that 1 per cent K,CCj 3 solutions 
increased the solubility of phosphate in calcareous soi s and ind.ca d 
that this increase was due largely to the solution of a cak urn phospha 
rather than iron or aluminum phosphates. They point out that the C , 
reduces the Ca~ to very low values. The solubility of phospha 
Sly acid range is closely correlated with the solubility in the highly 
alkaline range for soils of similar composition. This indicates that the 
dissolving action of slightly acid and also alkaline solutions is upon 

similar forms of calcium phosphates. 

The combined effect of pH on phosphate solubility in soil and on the 

root membranes was indicated previously. According to McGeorge 
(1939), the soil reaction is the principal limiting factor in phosphate 
availability in Arizona soils and much stress is given to the importance 
of C0 2 in modifying the soil reaction. Whitney and Gardner (194^) 
studied the pH of soils as a function of C0 2 pressure and found that the 
pH is approximately a straight-line function of the log of the C0 2 pres¬ 
sure in the range from 0.0003 to 1 atmosphere at constant moisture. 
Small changes in C0 2 pressure cause comparatively large changes in 
pH within the range of low C0 2 pressures normally found in soils. 

McGeorge (1932) showed that in nutrient solutions the phosphate 
absorption by wheat plants began to decrease at pH 8 compared to pH 
7, and that a marked decrease occurred at pH 9. He attributed the en¬ 
tire effect on the plant of increasing pH to a decrease in H 2 POr. 

Pratt and Thorne (1948) show similar results for tomatoes, but in¬ 
dicate that a physiological change in the root membranes to give a de¬ 
creased permeability to phosphate seems a more logical explanation of 
their study. The decrease in absorption was not serious until pH 8 was 
exceeded. Arnon et al. (1942) studied the effect of pH in relation to 
absorption of phosphate by tomato, lettuce, and Bermuda grass. A 
marked reduction occurred at pH 9, and absorption at pH 8 < pH 7. 
Arnon et al. (1942) state that their findings are not entirely consistent 
with those of McGeorge (1932) and suggest that the influence of OH' 
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on phosphate absorption should be considered also. Since anions appear 
to be absorbed by plant roots in exchange for OH' or HC0 3 ', as in¬ 
dicated by Overstreet and Dean (1951), an increasing OH" concentra¬ 
tion would be expected to decrease the rate of exchange of H 2 PO« _ on 
the membrane, if a reversible reaction is assumed. 

4. Effect of Calcium Carbonate 

The depressing effect of CaC0 3 on the absorption of phosphate by 
plants is due to a decreased solubility of soil phosphate and to the 
tendency of CaC0 3 to maintain a high pH, according to McGeorge 
(1939). Attempts to correlate the CaC0 3 content of soils with crop re¬ 
sponse to fertilizer have shown variable results. Work by McGeorge 
(1939), Hibbard (1935), Ensminger and Larsen (1944), Smith (1948), 
and Hockensmith et al. (1933) has shown that, within the range of 1 to 
4 per cent lime, phosphate absorption by plants is roughly inversely 
related to the lime content of the soil. When the lime content is greater 
than 4 per cent, the correlation is very poor, but usually the crop 
response is greater on high lime soils. 

Soluble nitrogen fertilizers, such as NH 4 N0 3 and (NH 4 ) 2 S0 4 , added 
to soils cause a decrease in pH, particularly in localized areas. If the soil 
is light-textured, or has a low buffer capacity and contains small 
amounts of CaC0 3 , these nitrogen fertilizers may increase the absorp¬ 
tion of phosphate by plants and also decrease the rate of conversion of 
the phosphate to less-soluble forms. 

Thorne (1946) studied the effect of varying amounts of CaC0 3 
added to a clay-nutrient system on the growth and composition of 
plants. The CaC0 3 decreased the water-soluble phosphate and the con¬ 
centration of phosphorus in tomato plants was approximately inversely 
proportional to the concentration of CaC0 3 . The growth of tomatoes 
was not affected appreciably when the ratio of clay to CaC0 3 was 20:1 
or 10:1, but decreased rapidly when the ratio changed from 5:1 to 
1:1. Barley seemed to be little affected in growth over a wide range of 
concentration of CaC0 3 , thus showing a crop difference in sensitivity 
to the effect of CaC0 3 . 

Some of the possible reactions of soluble phosphates with CaC0 3 
were indicated previously from the work of McGeorge and Breazeale 
(1931b), McGeorge (1939), and Boischot et al. (1950). These reactions 
include conversion to a less-soluble precipitate of a calcium phosphate, 
with the CaC0 3 furnishing the calcium, and followed by excess Ca~ 
and C0 3 = being adsorbed onto the surface of the calcium phosphate 
crystals. These crystals probably grow on the surface of CaC0 3 particles, 
since the initial phase of the reaction was shown by Boischot et al. 
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particles. As this adsorption 2»rding to 

of a calcium phosphate form and P recl P lta calcium remaining 

the mass action law. The acttvtty of Jphosphateand “1™; ^ 

in solution after precipitation would depend up f orme d initially 

constant of the particular calcium phosphate speckspenned 7 

this compound is likely to be dicalcium phosphate, but in th P 
of CaCO, it would slowly change to calcium phosp ates n 

cium and to a lower solubility of phosphate. , . 

The time required for conversion of the dicalcium phosphate to less 

soluble 6 forms is^n important factor governing the rate of Jorp^-of 
the residual phosphate, assuming that a less-soluble form op 
is more slowly absorbed by the plant. Maclntire and Shaw (1934) mad 
a slurry of dicalcium phosphate and limestone. The slurry was wetted 
each week for ten months, then allowed to dry for two months. After 
one week, 30 per cent of the dicalcium form had changed to a less- 
soluble form, and 60 per cent conversion was found after a year Russel 
(1950) suggests that two to three years may be required in soils before 
dicalcium phosphate is fully converted to less-soluble forms: Dicalcium 
phosphate is not ordinarily applied alone to soils, but rather in close 
association with soluble salts, which may well decrease the rate and 
amount of conversion to less soluble forms. 


5. Reaction with Clays 

A number of investigations have shown that a calcium-saturated 
clay adsorbs more phosphate than a sodium-saturated clay (see Naftel, 
1936; Ravikovitch, 1934; Scarseth, 1935; and Davis, 1943). Allison 
(1943) found this difference on Miami, Cincinnati, and Frederick col¬ 
loids, and Pratt and Thome (1948) showed the same effect for a mont- 
moriilonite-type clay. There is general agreement among these studies 
that above pH 6.5 precipitation of a calcium phosphate occurs as a 
separate phase, so in alkaline soils this reaction mechanism is probably 
dominant. The initial phase is probably a direct precipitation from Ca ++ 
and HP0 4 = in solution, proceeding when the solubility product for 
CaHPOi is exceeded. Subsequent enrichment of the precipitate with 
more calcium is likely to occur. This reaction mechanism is somewhat 
different from that of phosphate with CaC0 3 , where the calcium phos¬ 
phate crystals appear to grow on the surface of the CaC0 3 , after the 
initial monolayer adsorption. With dilute phosphate solutions on a cal¬ 
cium-saturated clay, it seems likely that phosphate could be held in a 
monolayer, or diffuse ionic atmosphere layer, but as such it would be 
rapidly exchangeable and readily absorbed by plants. Crystal nuclei of 
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CaHP0 4 would not be likely to form and grow on the surface of a cal¬ 
cium-saturated clay as readily as they would on the surface of CaC0 3 
particles because of this difference in solubility of the initial monolayer. 
These differences in reaction mechanisms may be reflected in the size 
of the particles formed from residual phosphate; i.e., they would be 
smaller on CaC0 3 , although no information is available to decide this 
question at present. Russell (1950) indicates that when precipitation 
occurs, presumably as CaHP0 4 , with exchangeable calcium on clays, 
the crystals are adsorbed on the surface of the clay particles, but that 
this adsorption could take place subsequent to the initial precipitation 
from the ions in the intermicellar solution. 

In the presence of calcium carbonate the reaction mechanism is 
probably a combination of the individual reactions indicated previously 
for phosphate with CaC0 3 and a calcium-saturated clay. The end prod¬ 
uct in this case, however, is likely to be similar to the calcium phosphate 
reaction with CaC0 3 , since this product is less soluble. Boischot et al. 
(1950) state that the calcium phosphate precipitates partially redissolve 
in the soil solution, and then become adsorbed on the surface of the 
GaC0 3 particles. This process would lead to a distribution of the residual 
phosphate over a large surface area in the soil. 

6. Effect of Soil Physical Properties on Phosphate Availability 

A thorough review of the effect of soil physical properties on 
nutrient availabilty is given by Page and Bodman (1951). Variations 
in physical factors from one soil type to another, or from one season to 
the next, may greatly modify the application of soil tests for extract- 
able phosphorus. The extent of the root system, which is closely related 
to soil aeration and mechanical impedance, is an important factor de¬ 
termining whether or not the plant responds to phosphate fertilizer. 

The general practice of drying soil samples before the analysis for 
soluble phosphate may involve considerable errors, since Wiklander 
et al. (1950) have shown that the ratio of phosphate solubility in the 
moist soil to that found in the dried soil can vary a great deal from soil 
to soil. These factors further illustrate the complexity of the problem 
of accurately assessing the phosphate fertility level of soils. 

VII. Some Properties of Residual Phosphate in Soils 

In most studies on the retention of soluble phosphate by soils, major 
emphasis has been given to the conversion of the soluble phosphate to 
less-soluble forms, often with the implication that this process reduces 
the amount of phosphate that plant roots can absorb. On calcareous soils 
the precipitated calcium phosphates were believed to be more slowly 
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absorbed than freshly added water-soluble plrddes" ThI 

greatest in neutral soils, somewhat less m alkaline calcareous soils, an 
Tleast m acid soils,’ particularly those high in sesquioxides and 
kaolinite, as indicated by Murphy (1939), Williams (19 ), 

RU$ S tan berry \ 1948) studied the residual value of applied phosphates 
in a^calcareous Sagemoor fine sandy loam and found a residual effect to 
alfalfa of a moderate application of phosphate fertilizer after ive years. 
Lewis et al. (1950) indicate that crops utilize a portion of the residu 
phosphate on Idaho soils. Russell (1950) reports a residual response by 
alfalfa on neutral and acid soils for three years following an application 
of 100 pounds PA per acre. Volk (1945) found that cotton responded 
to residual phosphate, from five previous annual applications ot t>u 
pounds PA per acre as superphosphate, for a period of seven years. 
Williams (1950d) found crop responses to 200 pounds PA per acre 
for two years following the application. Pot measurements of the resid¬ 
ual value of field applications indicated that the efficiency of one-year- 
old residues was 50 per cent as great as that of freshly added superphos¬ 
phate. Welch and Nelson (1952) showed that the phosphate fertility 
level of North Carolina soils has greatly increased as a result of heavy 
phosphate applications on potato-, tobacco-, and cotton-producing areas. 
Peterson and Paschal (1951) reviewed the fertilizer work in the West¬ 
ern States and stated that a major deficiency in the present fund of in¬ 
formation was the lack of data on the residual effects of the phosphate 


fertilizers. 

Lewis et al. (1950) indicate that the time of application of super¬ 
phosphate on a calcareous soil is not important; this is in agreement 
with Williams’ (1950d) data on acid Scottish soils. Sugar beet farmers 
in the West commonly apply superphosphate in the fall or spring, and 
no appreciable differences in the yield of sugar beets in relation to time 
of application of superphosphate was found in experiments reported by 
Tolman (1950). No critical field studies have been published to show 
the relative efficiency of the residual phosphate to crops after the first 
year of application to calcareous soils. The utilization of applied phos¬ 
phate in one crop on calcareous soils was shown by Olsen et al. (1950) 
to be less than 10 per cent; considerable amounts of residual phosphate 
may thus be expected to accumulate under good soil management 
practices. 
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'he results on crop responses to residual phosphate, except as noted 
certain acid soils, indicate that the forms of residual phosphate may 
absorbed by plants in varying degrees, and, in general, the amount 
^absorbed decreases with time. Plants often show a more marked re- 
r sponse to phosphate during the early stages of growth. Therefore, rela¬ 
tively small, frequent applications of phosphate would appear to supply 
the readily absorbable phosphate when needed, and as the root system 
expands, more use will be made by the plant of the residual and native 
phosphate. Such fertilizer practices would appear to make the most 
economic use of phosphate fertilizers. 

Vyi. The Relationship of Surface Phosphate to Plant-Available Phosphate 

in Soils 

1. Factors Involved and Experimental Techniques 

The utilization of residual phosphates by plants should be related 
not only to the solubility of the retained phosphate but also to the 
amount of phosphate surface exposed to the soil solution. If it is assumed 
that the soil solution is the sole source of phosphate for plants, it would 
be necessary' for the soluble phosphate to be renewed many times dur¬ 
ing the growing season. Stout and Overstreet (1950) estimate the re¬ 
newal of soil solution phosphate on the average of ten times per day 
for a greenhouse experiment, and much higher values during periods 

of rapid growth. 

Burd (1948) indicates that the surface of phosphate-carrying 
particles is probably' the most important factor in determining phos¬ 
phate solubility in soils, particularly in the short time involved in the 
transfer of such ions from the solid phase to the soil solution or a plant 
root surface. Because of surface tension effects, and possibly others, the 
solubility of small crystals of a given solid is higher than that of the 
large crystals, according to Dundon (1923). Kolthoff and Sandell 
(1943, p. 104) state that amorphous precipitates show a much greater 
solubility than large crystalline precipitates. These observations show 
the need to study the amount of phosphate on the surface of particles as 
well as its solubility. Hazeman et al. (1950) indicate that the failure to 
observe X-ray patterns for precipitated iron and aluminum phosphates 

in soil is due to their very finely divided state. 

Boischot et al. (1950) did not employ radiophosphorus to determine 
the amount of phosphate on the surface of the CaC0 3 particles (see 
Section V). McAuliffe et al. (1947) measured the amount of phosphate 
on the surface of soil particles, and Olsen (1952a) followed a similar 
technique to measure the amount of phosphorus on the surface of 
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TABLE III 

Eqi iubbation or P„ Vakv.ko ^ 




P 31 equilibrated 

P 31 added 

P 3 * adsorbed 

with P 32 * 

46.3 

25 

24.4 

154 

55 

55.7 

13.400 

7,000* 

2,270 


• ,\fter 72 hours equilibration time. 

* Precipitation of a calcium phosphate occurred. 

added P 32 will equilibrate with all the phosphate adsorbed in the initial 
reaction, but only 32 per cent of the phosphate removed by precipitation 
equilibrated with the P 32 . 

Similar results were found on two soils to which varying amounts 
of phosphate had been added and time allowed for equilibration, as 
shown in Table IV. The P 32 added equilibrated with essentially all the 
phosphate adsorbed from solutions of low concentration, but with only 
47 per cent of that adsorbed from higher phosphate concentrations. 

Evidence is shown in Table V, from an experiment conducted under 
more normal field conditions, that the residual phosphate in soils is 
present largely as surface phosphate initially, and then with time grad- 
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TABLE IV 

Equilibration or P n with Varying Amounts of Adsorbed Phosphate on Soils. 
Values in Microgramb Phosphorus per Giiam of Soil 


Soil 


Lime 
per cent 

P*' added 

P 11 adsorbed 

P J1 equilibrated 
with P**« 

Declo loam 


6.0 

44.2 

29.4 

28.1 




205 

99.6 

93.6 

Gaylardt (farm) 


1.2 

44.2 

34.3 

30.1 




205 

115 

110 




3,280 

l,040 b 

492 

* After 96 boura equilibration time. 




k Precipitation o! 

a calcium phosphate occurred. 






TABLE V 



Effect of Time 

and Moisture on the Amount of Surface Phosphate Found in a 



Fertilized 

Fort Collins Loam 



Time of 

Surface and Increase in 



PiOi added. 

standing, 

solution P t 0 », surface and 

Increase YielA 

- v inn new. 

pounds/acre 

days 

pounds/acre solution P 2 0* 

PiOi added 

grams/pot 

0 


75 

• • • 

• ♦ 

3.2 

0 


82 

• • • 

.. 

1.9 
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ually decreases. The fertilizer was mixed with a Fort Collins loam and 
water added to bring the soil near the moisture equivalent. The water 
lost through evaporation was replaced every few days. A similar set 
of samples was left to stand in the air-dry condition. The rate of de¬ 
crease in surface phosphate between 0 and 85 days is not shown, but the 
indications are that the reaction proceeds very rapidly at first After 60 
hours, i.e., reaction time for P 32 equilibration, 85 and 73 per cent of the 
total P 2 0 5 added was measurable as surface and solution phosphate for 
the 40 and 200 pounds P 2 0 5 per acre rates, respectively. 

These data do not prove that in the initial phases of phosphate ad¬ 
sorption the phosphate is adsorbed as a monolayer, since the extent to 
which P 32 would equilibrate with several layers of adsorbed phosphate 
is not known. When precipitation occurs, however, the P 32 equilibrates 
with only 20 to 50 per cent of the precipitated phosphate, depending on 
the size of the new crystals formed. 

A new method for measuring the amount of available phosphate in 
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a soil was suggested by Fried andDean fertilizer containing 

the method involves the apphcaUon of phosphat mini ^ per . 

P>* to soil (preferably » a the fertilizer. From 

centage of the phosphorus where A equals the amount of phos- 

the equation, A = B [(i — r )/rU 4 phosphate, B equals the 



Fig. 1. Relationship between surface phosphorus and A values on 25 soils 
(uniform wheat experiment, 1951). 

in the plant derived from the fertilizer, the amount of available phos¬ 
phorus, A , can be calculated. This method has been applied to the prob¬ 
lems of measuring the plant-available phosphate in native soils and 
from applied fertilizers. 

The relationship between A values and the amount of surface 
phosphate in two experiments are shown in Figs. 1 and 2. The data in 
Fig. 1 were obtained from twenty-five soils from various Western States 
and Canada. Seven of these soils had pH values below 6, and seven con¬ 
tained CaC0 3 with pH values over 7, with the rest intermediate in pH 
values. The A value was determined in a greenhouse experiment at 
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Beltsville, Maryland, by M. Fried. The data in Fig. 2 were obtained 
from ten plots, each selected from long-time rotation plots at Fort Col¬ 
lins, Colorado; Huntley, Montana; and Scotts Bluff, Nebraska. At each 
location five plots were unfertilized, and five had received either 
manure or phosphate for a period of years. The values for these soils are 
the surface phosphate plus the solution phosphate found at near equi¬ 
librium. The combination of the two values showed a higher correlation 



Surface Phosphorus-lbs. P 2 0 5 per Acre 

Fig. 2. Relationship between surface phosphorus and A values on soils from long¬ 
time rotation plots. 

with A values than was found with surface phosphate alone. The A 
values were determined in a greenhouse experiment. All three soils con¬ 
tain lime. The differences in A values are due to the amount of residual 
phosphate present. 

The data in Figs. 1 and 2 clearly show a close relationship between 
the A value, or plant-available phosphate, and the amount of surface 
phosphate. Furthermore, the correlation coefficient is 0.952 for a rather 
wide variety of soil types and conditions. These data suggest that the 
measurement of surface phosphate may be useful in the study of the 
reactions occurring when a fertilizer is applied to a soil and in develop¬ 
ing a better soil test for extractable phosphate. 
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2. Application to Soil Tests for Extractable Phosphate 

Correlations of A values with various‘ *lo^corcelations 

group of twenty-five soils is shown in Table VL lhe ow 

found with water- and carbon varies consider- 

the relationship between these values and the A valu 

ably from one soil type to another. Within a given soil type, or soil types 

TABLE VI 

. . v*> > T p«» on Twenty-Five Western Soils (Uniform Wheat 
C "Experiment, 1951) with Soluble Phosphorus by Various Methods and 

with Surface Phosphorus 


Method or extractant 


Correlations 


co a 

HOH 

Bray 

NaHCO, 

Surface phosphorus 


r 

0.128 

0.411 

0.786 

0.860 

0.952 


r* 

0.016 

0.169 

0.618 

0.740 

0.905 


TABLE VII 

Phosphate Levels Found by Various Methods in Relation to Soil Type 

and Treatment 




Extractable P 

Surface 4- A 
solution P, value, 
p.p.m. p.p.m. 

Soil type 

Treatment 

COi-soluble, 
p.p.m. 

Water-soluble, 

p.p.m. 

Fort Collins loam 

Check 

Phosphated 

0.94 

2.36 

0.46 

1.44 

10.1 12.8 

21.0 18.4 

Pryor silty clay loam 

Check 

Manure 

1.83 

5.28 

1.11 

3.56 

14.7 17.3 
31.6 31.6 

Tripp fine sandy loam 

Check 

Manure 

6.15 

26.80 

1.83 

8.85 

12.7 20.3 

38.8 56.6 


closely related with respect to phosphate nutrition, both of these methods 
will show very high correlations with A values. With the long-time 
rotation plots where phosphate levels were induced as a result of rota¬ 
tion practices and differences in applied phosphate, these two methods 
are equally as good as the surface phosphate in distinguishing differ¬ 
ences in plant-available phosphorus at a given location. The variability 
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of the extractable phosphate level on different soil types, however, is 
much greater for the C0 2 - and water-soluble phosphate than for the 
surface plus solution phosphate, as shown in Table VII. All of the check 
plots gave a yield response to applied phosphate in field experiments. 

Evidently, the soil factor's affecting the solubility of phosphate in 
C0 2 -saturated water and in water alone are not the same from one soil 



Surface Phosphorus - lbs. P 2 0 5 per Acre 

Fig. 3. Relationship between surface phosphorus and phosphorus soluble in 0.5 
M sodium bicarbonate on twenty-five soils (uniform wheat experiment, 1951). 


type to another. Therefore, when these tests are to be employed, a differ¬ 
ent set of standards must be determined whenever an appreciable 
change in the phosphate solubility is found with changing soil condi¬ 
tions. In general, a greater degree of success with soil tests for phosphate 
has been found in areas where such factors as soil type, salinity, climate, 
and crop are sufficiently alike to permit the establishment of useful 
correlations between the chemical test and crop growth. The most diffi¬ 
cult problem is not the measurement of phosphate levels on the very 
fertile nor the very infertile soils but the measurement of those lying 
in between these two extremes. 

The measurement of surface phosphate is much less affected by 
variations in soil factors than is that of the C0 2 - or water-soluble phos- 
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phate. Thus, a method for extractable ^ ^Th^cor- 

move the surface phosphate would lo P“‘ f p t ^ experimental 
relation with A value for a wide variety of so yp ha{e extract . 

method now showing promise m this res P e £ t lS r P elati onship of this 
able in a 0.5 M solution of NaHCO, at pH 8.5. The relation^ P ^ 

method to the surface phosphate is cheated m* g.3 was 

twenty-five soils menUoned previously The correlaU q ^ 

0.86 for the comparison between A value and N 3 


^"Burd (1948) attempted to show the importance of thesurfaceof 
phosphate-carrying particles by use of a technique designaedas co 
tact equilibrium” and by using wide ratios of soil to solution 
method gave a high correlation with the yield response of oats due to 

phosphate fertilizer. 


IX. Increase in Surface Phosphate from Residual Phosphate in Soils 

The close relationship between A values and surface phosphate (Fig. 
2) for the long-time rotation plots clearly shows the usefulness of these 
methods in evaluating the residual phosphate in a soil. These metho s 
can probably be adapted to similar studies on acid and neutral soils 
likewise. Some very useful information concerning the nature of the 
residual phosphate can be obtained through measurements of the rela¬ 
tive amounts of surface phosphate in the unfertilized and the fertilized 


The amount of surface phosphate in the check plot of four soils was 
found to be less than 3 per cent of the total phosphorus in the soil. This 
value is the same order of magnitude for the surface phosphate in 
a rock phosphate sample, as determined by Olsen (1952a), which 
had a surface area of 13.9 m. 2 per gram. As the particle size de¬ 
creases, the amount of surface phosphate to the total increases. The 
amount of surface phosphate formed in soils fertilized under field con¬ 
ditions is shown in Table VIII. In the Fort Collins loam, 244 pounds of 
P 2 0 5 per acre had been added to the soil over a period of ten years in 
four applications. During this period the crops have removed an esti¬ 
mated 42 pounds of P 2 0 5 from the applied fertilizer, assuming an aver¬ 
age of 10 per cent phosphorus in the plant derived from the fertilizer, 
which leaves approximately 200 pounds of P 2 0 5 as residual phosphate. 
Determinations of the surface phosphate in the unfertilized and ferti¬ 
lized plots show a difference of 61 pounds of P 2 0 5 per acre (average of 
four replications). Based on the amount of residual phosphate remain¬ 
ing in the soil, this means that 30 per cent of the residual phosphate is 
still retained on the surface of the soil particles. Corresponding figures 
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for the other three soils are 31.4, 19.6, and 26.8 per cent, respectively, 
for the Tripp fine sandy loam, Pryor silty clay loam, and Sagemoor fine 
sandy loam. The first two soils had received an average of 6 and 4 tons 
of manure per year, respectively, from 1912 to 1950. Samples were 
taken in 1951. The residual phosphate on these two soils was measured 
by the differences in total phosphorus. The organic phosphorus con¬ 
tent did not change appreciably as a result of the manuring treatments. 
The Sagemoor fine sandy loam had received an annual application of 
15 tons manure from 1932 to 1943, and an average of 6.4 tons from 1922 
to 1931, according to Stanberry (1948). The total phosphorus analyses 
were taken from Stanberry (1948) for this soil. 


TABLE VIII 

Relationship of Surface Phosphate to Total Phosphorus in Fertilized and 

Nonfertilized Soils 


Soil type 
or 

material 

Treatment 

Total 

P, 

p.p.m . 

Surface 

P. Surface P 
p.p.m. Total P A 

Residual* 

Surface P 
Residual P X 100 

Fort Collins loam 

None 

720 

10.3 

1.43 



Phosphated 

764 

23.3 

3.06 

30.2 

Tripp fine sandy loam 

None 

380 

11.1 

2.92 



Manure 

470 

39.4 

8.40 

31.4 

Pryor silty clay loam 

None 

655 

13.1 

2.00 



Manure 

770 

35.6 

4.62 

19.6 

Sagemoor fine sandy 

None 

983 

13.3 

1.36 

♦ ♦ • • 

loam 

Manure 

1,060 

33.9 

3.20 

26.8 

Rock phosphate 


154,000 

3,230 

2.10 

.... 


« Percentage of residual P on the surface of particles. Residual P = difference between no treatment and 
phosphated or manure treatments. 


Since the unfertilized soils all show less than 3 per cent of the total 
phosphorus on the surface of particles, the evidence clearly illustrates 
that the amount of surface phosphate arising from the residual phos¬ 
phate is of a much higher order of magnitude than the native phos¬ 
phate and that the residual phosphate is present in very finely divided 
particles. These data offer a logical explanation for the high residual 
value of the applied phosphate in these calcareous soils and show that, 
although precipitation reactions occur, the phosphate is held in ex¬ 
tremely small crystals. Assuming that the residual phosphate is held in 
crystals similar to hydroxyapatite, with similar surface phosphate to 
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phosphate in the Fort Collins loal " of about 0.04 micron. Since 

gram, or an average particle size nor the exact nature of the 

neither the size distribution of the par ^ comparative value 

residual phosphate is known, these g J, ortance and the need of 
only. These data illustrate, howeje h P chemical reactions 

r" of ,hc pa 

amTtheir relationship to the root membranes. 

X Extraction of Residual Phosphates by Various Chem.cals 

The nature of the residual 

has been studied also by^ attempts; o f ^ ^ lricalcium phosphate 

various extracting agents. Dean U J NaOH, whereas iron, 

and apatite were relatively msolublein0.25 ^ ^ ^ 

aluminum, mono-, and dicalcium P P Q g N H S0< . He showed 
cium phosphate and apatite were at Rothamsted 

-* ioam ,he 

' na Win™(T5oa?maJe extensive stupes on 

ST*- E* k,oh. wu 

liams ( P 1950a) reversed the order of extraction used by Dean (193 ) 
^obtained any dicalcium phosphate present in the acid extract 
Recovery' of added phosphate in contact with a soil for six weeks w 
practically complete for the combined extracts. The pH of this soil was 
varied by adding sulfur or CaC0 3 . As the pH increased, the amount of 
residual phosphate extracted by acetic acid increased. These results co - 
firm those of Dean (1938), and both authors concluded reasoning bj 
analogy from the solubilities of the known compounds, that the reten¬ 
tion of phosphate in calcareous soils is due largely to precipitation by 

calcium. ., , , , . ., 

Williams (1950b) also studied the residual phosphate in soils vary¬ 
ing in pH from 6.5 to 8.9. The proportions of the residual phosphate 
extractable by acid increased as the pH increased. Although these 
methods of extraction do not make clean separations of the various 
forms of residual phosphate, they are valuable in indicating the main 
differences between calcareous soils and acid soils. By this method of 
fractionation apparently some of each form occur in both types of soils. 
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but the results do not show whether the composition of the acid-soluble 
forms is the same in both alkaline and acid soils. 

The correlation of phosphorus uptake by the plant and total phos¬ 
phorus content in the plant with the total extractable phosphate was 
found by Williams (1950c) to be quite good for alkaline soils. The in¬ 
organic alkali-soluble fraction appeared to be the most suitable index 
of phosphorus fertility levels on the alkaline soils. 
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where that seems possible. 


I. Determination 

Ever since the beginning of work on soil organic phosphorus, there 
has been essentially only one general procedure in use for its determi¬ 
nation, namely, determination of inorganic phosphorus in extracts be¬ 
fore and after some treatment to change the organic phosphorus to 
inorganic form, the amount of organic phosphorus being obtained by 
difference. The treatment to change the organic phosphorus to the in¬ 
organic form may be applied to the soil itself or to an extract containing 

the organic phosphorus. 

1. Differentiation of Organic and Inorganic Phosphorus 

a. Selective Extraction. The first technique used to differentiate be¬ 
tween organic and inorganic phosphorus was selective extraction. Am¬ 
monium hydroxide is an effective extractant for soil organic matter. 
Probably for this reason as well as the fact that he did not get a qualita¬ 
tive test for phosphate on ammoniacal extracts of soil, Grandeau (1872) 
inferred that the phosphorus present in the ammonia extract was all in 
organic form. This idea persisted for many years (R. Stewart. 1910; J. 
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Stewart, 1912; Dushechkin, 1929; Chirikov, 1939), although it was 
early challenged by Aso (1905) and discredited by Fraps (1911b). 

Extraction of soil with mineral acid also was employed in the process 
of differentiating between organic and inorganic phosphorus (Eggertz 
and Nilson, 1889; Schmoeger, 1893; Vincent, 1917), on the assumption 
that soil inorganic phosphorus is acid-soluble and that soil organic phos¬ 
phorus is acid-insoluble. More recent experience (Odynsky, 1936; 
Wrenshall and Dyer, 1939; Pearson, 1940; Ghani, 1944; Kheifets, 
1948) shows that soil organic phosphorus displays appreciable solubility 
in acid, particularly where the strength is in excess of 1 or 2 normal. 

b. Precipitation of Extracted Inorganic Phosphorus. The use of phos¬ 
phate precipitants to separate organic and inorganic forms of phos¬ 
phorus has not been entirely satisfactory. Grandeau (1872) obtained no 
precipitate at all, and others probably did not get complete precipitation. 
Schollenberger (1918) found that small amounts of inorganic phos¬ 
phorus in ammonia extracts of soil would not respond to the magnesium 
ammonium phosphate test except in the presence of an additional quan¬ 
tity of inorganic phosphorus. 

Another disturbing question in the precipitation of inorganic phos¬ 
phorus with magnesia mixture and ammonium molybdate was the pos¬ 
sible presence of organic phosphorus in the precipitates. Stewart (1912), 
Potter and Benton (1916), and Schollenberger (1918) were all con¬ 
cerned about the contamination of the magnesium ammonium phos¬ 
phate precipitate with organic phosphorus. The work of Fingerling and 
Hecking (1911), Jegorow (1914), Seligson (1930), and Kursanov 
(1938) has demonstrated the difficulty of obtaining a precipitate free 
of organic phosphorus in the presence of phytin, an organic phosphorus 
compound found in soils. 

c. Molybdenum Blue Colorimetric Method. Since 1927, most at¬ 
tempts to differentiate inorganic and organic phosphorus in soil extracts 
have been made with colorimetric methods. In that year, Parker and 
Fudge (1927) described the application of the Deniges and Fiske-Sub- 
barrow methods to the determination of inorganic phosphorus in dis¬ 
placed soil solutions and water extracts containing organic phosphorus. 
Among the various forms of phosphorus, the colorimetric molybdenum 
blue method is specific to inorganic orthophosphate, and as far as is 
known it permits a clear differentiation of organic and inorganic phos¬ 
phorus, provided that the former is not subject to hydrolysis and that the 
latter is present as soluble orthophosphate. In soil extracts, the amount 
of inorganic orthophosphate present is probably virtually identical with 
the total amount of inorganic phosphorus, although the presence of pyro¬ 
phosphate and metaphosphate would bear investigation (Schmidt, 1951). 
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extracted from the colored aqueous phase. 

2. Quantitative Determination 

The various procedures proposed for determining organic phos¬ 
phorus in soils can conveniently be classified into j' vo ca ^°" | j 

[ n _ to the conditions under which the organic phosphorus is change 
to g the inorganic form. The first category includes those methods m 
which the organic phosphorus is changed to the inorganic form in t 
soil It includes methods in which the organic phosphorus is changed 
to the inorganic form by high-temperature hydrolysis, wet combos'Uon 
and dry combustion. The second category includes methods in which 
the organic phosphorus is changed to the inorganic form after it has 

been extracted from the soil. 

a. High-Temperature Hydrolysis. In attempting to demonstrate 
whether or not organic phosphorus was present in peat soils, Schmoeger 
(1893) extracted soils with 3.5 N hydrochloric acid before and after 
autoclaving the soils 10 to 20 hours at 130 to 160° C., and found that the 
amount of phosphorus extracted was approximately doubled by auto¬ 
claving. Similar results were obtained by Aso (1905) and Stewart 
(1910). Although high-temperature hydrolysis has not since been used 
with the objective of determining soil organic phosphorus, the evidence 
now available indicates that the technique is worthy of re-examination. 
Both Kossel (1881) and Amthor (1885) found that the major part of the 
phosphorus of nucleic acid was split off upon heating to a high tempera¬ 
ture with water. Similar observations have been made with respect to 
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phytin (Jegorow, 1912; Jarosz, 19.34; Fleury, 1945, 1946). Thompson 
(1948, unpublished data) found that dephosphorylation of phytin was 
complete when it was heated with water at 150° C. for a week, and 
Thompson and Black (1948) found that the same was true of soil or¬ 
ganic phosphorus. 

b. Dry Combustion. Two different types of dry combustion or igni¬ 
tion procedures have been proposed. The first type, proposed by Vincent 
(1937, 1938), depends on volatilization of the organic phosphorus. In 
Vincent’s method, the soil is first extracted with 2.9 N hydrochloric 
acid. The acid-extracted soil is then ignited to volatilize the organic 
phosphorus. The ignited soil is extracted with concentrated nitric acid 
to remove the remaining inorganic phosphorus. The total phosphorus 
minus the phosphorus found in the two acid extracts is taken to repre¬ 
sent organic phosphorus. Although no tests have been reported, it ap¬ 
pears that results by this method may be low, owing to incomplete 
volatilization of organic phosphorus. 

In the second type of procedure, inorganic phosphorus is determined 
in extracts of comparable ignited and nonignited samples of soil, the 
difference being taken as the amount of organic phosphorus present in 
the nonignited sample. Eggertz and Nilson (1889) were apparently the 
first to use such a procedure. They determined the phosphorus extracted 
from ignited peats with hot concentrated hydrochloric acid, subtracted 
the amount of phosphorus extracted from the nonignited samples with 
0.55 N hydrochloric acid, and attributed the difference to organic phos¬ 
phorus. Schmoeger (1893) and Vincent (1917) used similar methods. 
In all these methods, the effect of ignition was confounded with that of 
extraction, since the ignited samples were accorded a more rigorous 
extraction than the nonignited samples. This obvious defect was 
remedied by Stewart (1910), who used the same technique for both 
samples. 

A second possible source of error was discovered by Fraps (1911a, 
1911b) and Peterson (1911), who found that the dilute-acid solubility 
of certain naturally occurring iron and aluminum phosphates was in¬ 
creased by ignition. The presence of compounds of this type in soils 
would obviously have the effect of increasing the apparent amount of 
organic phosphorus. This possible source of error has been recognized 
by more recent investigators (Odynsky, 1936; Madanov, 1940; Ghani, 
1944; Mattson, Williams, and Barkoff, 1950), but the methods used are 
probably incapable of making the same correction for inorganic phos¬ 
phorus after ignition as before ignition in all soils. 

A third source of error is incomplete extraction of the organic phos¬ 
phorus mineralized by ignition. Russell and Prescott (1916) found that 
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Pr ° V ’ Wet Combustion. In the wet combustion method for detern ^ 1 "!^ 
soil organic phosphorus, a sample of soil is treated with an oxidizing 
ag ent fo decompose the organic matter and change the orgamc 
phorus to inorganic form. Comparable samples of unoxKUzed and 
oxidized soil are then treated with some extractant, and the increase in 
soluble inorganic phosphorus resulting from oxidation is; taken to repre- 
sent organic phosphorus. The oxidizing agent has usually been hydro¬ 
gen peroxide, although Kurchatov (1936) used nitric and sulfuric 
acids and Salonen (1941) used potassium dichromate and sulfuric acid. 

Karpinskil and Zamyatina (1933) were the first to use hydrogen 
peroxide for changing the soil organic phosphorus to the inorganic form 
in situ as the basis for a quantitative determination of soil organic phos¬ 
phorus. The hydrogen peroxide oxidation procedure has since been 
used, tested, or modified by a number of investigators, including Kui- 
chatov and Pil (1935), van der Marel (1935), Kurchatov (1936), 
Dushechkin and Gorodisky (1936), Dickman and DeTurk (1938), 
Kaziev (1940), Pearson (1940), Sokolov (1940). Salonen (1941), Ber- 
tramson and Stephenson (1942), Ghani (1944), Bray and Kurtz 
(1945), Damsgaard-Sorenson (1946), Mehta (1951), and Legg (1952, 
unpublished data). As with the dry combustion method, the extractants 
have ordinarily been weak acids, and difficulty has been encountered 
with incomplete extraction of the mineralized phosphorus. 

Dickman and DeTurk (1938) found that the apparent amounts of 
organic phosphorus increased with the quantity of 20 per cent hydrogen 
peroxide up to 10 ml. per gram of low organic matter soil and 15 ml. 
per gram of high organic matter soil. In general, however, quantity or 
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loncentration of peroxide has not been given particular attention, prob¬ 
ably because of the usual practice of adding it in increments until the 
reaction ceases. 

Despite the general knowledge that treatment of soils with hydrogen 
peroxide does not oxidize all the organic carbon, and despite the exist¬ 
ence of the paper of Jegorow (1912) reporting that the phosphorus of 
phytin was not completely mineralized by hydrogen peroxide, it has 
commonly been assumed that hydrogen peroxide completely mineral¬ 
izes soil organic phosphorus. Mehta (1951) tested the completeness of 
mineralization by first treating samples of two soils by the hydrogen 
peroxide procedure of Bray and Kurtz (1945) and then extracting the 
same samples with hot sodium hydroxide. The sodium hydroxide ex¬ 
tract contained a substantial amount of organic phosphorus, which 
showed that the peroxide treatment had left some residual organic 
phosphorus in the soil. 

d. Extraction. In extraction procedures for quantitative determina¬ 
tion of soil organic phosphorus, the soil is treated with one or more 
reagents designed to remove all the organic phosphorus without chang¬ 
ing any of it to the inorganic form. Total and inorganic phosphorus are 
determined in aliquot portions of the extracts, and the difference is 
taken to represent organic phosphorus. The inorganic phosphorus pres¬ 
ent in the extracts is that brought out incidentally with the organic 
phosphorus and will include inorganic phosphorus derived from hy¬ 
drolysis of organic phosphorus during extraction. In general, it does not 
represent the total inorganic phosphorus of the soil. 

The Grandeau (1872) method may be considered the forerunner of 
present-day extraction methods. Grandeau’s procedure consists in the 
following steps: (1) the soil is washed with dilute acid, and the excess 
acid is washed from the soil; (2) the soil is moistened with dilute am¬ 
monium hydroxide, and then washed with dilute ammonium hydroxide 
to remove organic matter; and (3) total phosphorus is determined in 
the ammonia extract. 

The first step forward in principle was the revision of Grandeau’s 
procedure in an attempt to correct for the inorganic phosphorus present 
in the ammonia extract. This work has already been mentioned in Sec¬ 
tion 1.1. The next improvement was analysis of the acid extracts for or¬ 
ganic phosphorus (Wrenshall and Dyer, 1939; Pearson, 1940). The 
remaining improvement has been in the extraction procedure; this re¬ 
search started with the work of Schollenberger (1918). 

(/) Ammonium hydroxide extraction. Schollenberger (1918) in¬ 
vestigated ammonium hydroxide as an extractant and obtained essen¬ 
tially maximum removal of phosphorus from the soil using a single 
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(2) Sodium hydroxide extraction. Schollenberger ( ) 

that 0 25 N sodium, potassium, and lithium hydroxide extrac e 
ally the same amount of organic phosphorus as did L1 N 
hydroxide under the conditions described in Section I.2.d(l). Bower 
M945) however, noted that hot 0.5 N sodium hydroxide extracted 
slightly more organic phosphorus from soils than did the ammonium 
hydroxide extraction procedure of Pearson (1940). Black, Pierre, and 
Allaway (1948) confirmed Bower’s observation and found also that ap¬ 
preciable loss of organic phosphorus by hydrolysis took place during 
extraction. Ghani’s (1943) results likewise indicated that organic phos¬ 
phorus hydrolysis occurred during extraction with hot sodium hy- 


droxide. . . f ,. 

Because the foregoing results indicated the superiority ot sodium 

hydroxide over ammonium hydroxide for extracting soil organic phos¬ 
phorus, Mehta (1951) made a direct test to determine the efficacy of 
the Wrenshall and Dyer (1939) and the Pearson (1940) ammonium 
hydroxide extraction methods. He extracted samples of soils with hot 
sodium hydroxide after the samples had been pre-extracted according 
to the respective procedures and found that the sodium hydroxide ex¬ 
tracts contained substantial quantities of organic phosphorus. Evidently, 
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neither of the two procedures had extracted all the organic phosphorus. 
Mehta (1951) made a similar test of Ghani's (1943) method of repeated 
room-temperature extraction with sodium hydroxide and again found 
that a subsequent extraction with hot sodium hydroxide removed an 
additional quantity of organic phosphorus. It appeared from these re¬ 
sults that, although hot sodium hydroxide was unsatisfactory because 
of hydrolysis, it was nevertheless a better extractant than cold sodium 
hydroxide. 

To determine whether the effectiveness of sodium hydroxide as an 
extractant could be utilized to advantage if two successive extractions 
of increasing severity were employed, Mehta (1951) subjected acid- 
leached samples of soil to successive extractions with sodium hydroxide 
at 90° C., or at room temperature and 90° C. More organic phosphorus 
was found with the successive cold and hot extractions than was found 
with the successive hot extractions. Practically no organic phosphorus 
was found in the second 90° C. extract. These results showed that it 
was possible to obtain a greater amount of organic phosphorus by com¬ 
bining a cold and hot extraction than by relying on a single hot extrac¬ 
tion or repeated hot extractions. The organic phosphorus extracted at 
room temperature was found to be stable at room temperature but not 
at 90° C. The organic phosphorus in a second extract obtained at room 
temperature was stable for some time at 90° C. These results indicated 
that the organic phosphorus most easily extracted wras also the most 
easily hydrolyzed. 

Other experiments showed that the soil still contained organic phos¬ 
phorus after extraction with sodium hydroxide at 90° C., but no appre¬ 
ciable quantity could be extracted by any of several techniques tried 
after the soil had been extracted at room temperature, 90° C., and 
120° C. After a series of experiments in which hydrolysis and amount 
of organic phosphorus extracted were investigated as a function of con¬ 
centration of sodium hydroxide and time and temperature of extraction, 
Mehta suggested that a practicable sodium hydroxide extraction pro¬ 
cedure for use with 1 N hydrochloric acid-extracted soil was successive 
extraction of a 1 g. sample with 30 ml. of 0.5 N sodium hydroxide for 
1 hour at room temperature, 60 ml. of 0.5 N sodium hydroxide for 8 
hours at 90° C., and 30 ml. of 1 /V sodium hydroxide for 2 hours 
at 120° C. 

In a preliminary study of the hydrochloric acid pre-extraction pro¬ 
cedures, Mehta (1951) found that increasing the concentration from 
1 N to 4 /V facilitated the subsequent extraction of organic phosphorus 
by sodium hydroxide and caused a small increase in the total quantity 
of organic phosphorus extracted. Legg (1952, unpublished data) found 
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II. Amounts 

The amounts of organic phosphorus in soils may vary \videl), as 
shown by the work of Schollenberger (1920), Dean (1938). Boratynsk. 
f , 939 ) Weeks and Karraker (1941), Gham and Aleem (1943b), 
Damsgaard-Serensen (1946), Dmitrenko (1948), Carman (1948), Kaila 
( 1948 ) Mattson. Williams, and Barkoff (1950), Mattson. Barkoff. and 
Williams (1950), Williams (1950a. 1950b), Fuller and McGeorge 
(1951a 1951b), Godfrey (1951), Goring (1953b), Eid. Black, and 
Kempthorne (1953), and Thompson, Black, and Zoellner d 95 3),as 
well as by the various papers on methodology reviewed in Section I. The 
extreme values that have been reported in analyses of surface soils 
range from 18 p.p.m. of organic phosphorus in a sample of Orangeburg 
sandy loam from Mississippi (Pearson, 1940) to 1670 p.p.rn. in a peat 
from Finland (Kaila, 1948). Expressed as a percentage of the total 
phosphorus, the values range from 2.6 to 75 per cent, both in samples 
from India (Basu and Kibe, 1945; Ghani and Aleem, 1943b). Work on 
the vertical distribution in soil profiles (Pearson and Simonson, 1940; 
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Kheifets, 1948; Mattson, Williams, and Barkoff, 1950; Mattson, Barkoff, 
and Williams, 1950; Fuller and McGeorge, 1951b; Godfrey, 1951) 
shows that the amount of organic phosphorus ordinarily decreases grad¬ 
ually with depth except in soils having pronounced horizon differentia¬ 
tion or in soils derived from recent sediments, where there may be 
irregularities. Although the surface horizon may contain in excess of 
300 or 400 p.p.m. of organic phosphorus, the amount present at a depth 
of 3 feet is seldom in excess of 30 p.p.m. 

In general, the amounts of organic phosphorus in soils are correlated 
positively with the amounts of organic carbon and nitrogen. It appears 
from the work of Schollenberger (1920), Dean (1938), Dickman and 
DeTurk (1938), Boratyhski (1939), Pearson and Simonson (1940), 
Ghani and Aleem (1943b), Basu and Kibe (1945), Garman (1948), 
Kaila (1948), Kheifets (1948), Thompson and Black (1950), Williams 
(1950b), Fuller and McGeorge (1951a, 1951b), Godfrey (1951), 
Goring (1953b), and Thompson, Black, and Zoellner (1953), as well 
as from that of seven other investigations summarized by Dmitrenko 
(1948), that the organic matter of mineral soils contains carbon, nitro¬ 
gen. and phosphorus in roughly the ratio 110:9:1 by weight. The 
ratio is wider in organic soils. In thirty Finnish peat soils, Kaila 
(1948) found about 700 parts of carbon and 30 parts of nitrogen to each 
part of organic phosphorus. From the work of Thompson, Black, and 
Zoellner (1953), it appears that the ratios of organic carbon and nitro¬ 
gen to organic phosphorus increase with soil pH. Presumably, the rate 
of accumulation of organic phosphorus per unit of carbon and nitrogen 
is similar in acid and alkaline soils, but the resistance to mineralization 
is greater in acid soils than in alkaline soils. This point will be discussed 
further in Section IV.2.b. 


III. Forms 

In plants, animals, and microorganisms, which form the source 
material for soil organic phosphorus, there are five principal groups of 
organic phosphorus compounds, namely, phospholipids, nucleic acids, 
inositol phosphates, “metabolic” phosphates, and phosphoproteins. In 
investigations of the organic phosphorus compounds in soils, attention 
has been limited to the first three groups. 

1. Phospholipids 

Chemical evidence for the existence of phospholipids in soils is of 
two types. First, choline has been isolated from soil extracts by Aso 
(1905) and Shorey (1913). Choline is a product of the hydrolysis of 
lecithin, one of the phospholipids. Second, organic phosphorus has been 
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Three different types of evidence have been advanced in support of 

the view that nucleic acid phosphorus is present ln sec ™d 

is based on identification of constituent parts of nucleic aci , 
on the relative susceptibility of nucleic acid and other organic phos 
phorus compounds to dephosphorylation and the third on_ the differ¬ 
ential solubility of nucleic acid and other organic phosphorus com 

P ° U Evidence of the first type has been obtained by Shorey (1911, 1912 
1913 ) Schreiner and Lathrop (1912), Bottomley (IS19), A^ten 
(1923), Wrenshall and McKibben (1937), and Wrenshall and Dyer 
(1941)’ Although not all investigators succeeded in identifying all con¬ 
stituents, the list of compounds identified in the hydrolyzate of prepara¬ 
tions from soils includes phosphoric acid, pentose sugar, cytosine, a e- 
nine. guanine, uracil, hypoxanthine, and xanthine. The last two com¬ 
pounds are not primary hydrolytic products of nucleic acid but are 
derived from adenine and guanine. The results of these tests leave no 
doubt that constituent units of nucleic acids are present in soils and indi- 
cate that the units are present in part in combined form in soils. The 
evidence is not sufficient, however, to determine whether these com¬ 
pounds are present in soils largely as nucleic acids or as degradation 
products of nucleic acids, nor is it sufficient to establish that soil nucleic 
acids are closely similar to better known nucleic acids. The fact that 
purine constituents of soil nucleic acids are more resistant to acid hy¬ 
drolysis than are purine constituents of plant and animal nucleic acids 
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(Wrenshall and Dyer, 1941) suggests that the nucleic acids from the 
different sources are not identical. 

The early evidence (Schmoeger, 1893; Aso, 1905; Stewart, 1910) 
for the occurrence of nucleic acid in soils, based on experiments demon¬ 
strating the susceptibility of soil organic phosphorus to dephosphoryla¬ 
tion in the presence of water at high temperatures, was inconclusive. 
As pointed out in Section I.2.a, organic phosphorus compounds other 
than nucleic acid may display this behavior. Subsequent experiments of 
Potter and Snyder (1918) on acid hydrolysis and of Wrenshall, Dyer, 
and Smith (1940) on alkaline hydrolysis showed that the rates of 
dephosphorylation of soil organic phosphorus preparations were slower 
than those of nucleic acid. 

Bower (1949) obtained evidence of both the second and third types. 
He found that phytin and a mixture of lower phosphoric acid esters 
of inositol were precipitated almost quantitatively by calcium hy¬ 
droxide, whereas yeast nucleic acid and guanine nucleotide remained 
soluble. He then separated the organic phosphorus of several soil ex¬ 
tracts into two fractions by calcium hydroxide precipitation and tested 
the susceptibility of the soil fractions and authentic materials to de¬ 
phosphorylation by hypobromite and two different enzyme systems. 
In each of the experiments conducted, the results verified the hypothesis 
that both nucleic acid and phytin were present in the soil preparations. 

Because of the uncertainty connected w ith the nature of soil organic 
phosphorus, little work has been done on the quantitative determination 
of nucleic acid phosphorus in soils. Sokolov (1948) reported estimates 
of nucleic acid phosphorus in soils on the basis of two methods. In the 
first method, he determined total phosphorus in the precipitate resulting 
upon adding alcohol to a sodium hydroxide-sodium acetate extract of 
soil. In the second method, he determined purine nitrogen in the same 
precipitate and used an empirical factor to estimate phosphorus. Bower 
(1949) used the calcium hydroxide separation mentioned above on com¬ 
bined hydrochloric acid and sodium hydroxide extracts. The amounts 
of nucleic acid phosphorus obtained represented 38 to 58 per cent of the 
total organic phosphorus by Sokolov’s (1948) first method, still higher 
percentages bv his second method, and 17 to 33 per cent by Bower’s 
(1949) method. There is as yet insufficient knowledge of nucleic acid 
phosphorus in soils to permit an evaluation of these results. The work 
of Adams (1952, unpublished data) to determine the quantities of 
the various nucleic acid fractions in soils, should provide an independent 
evaluation of results obtained by the Sokolov (1948) and Bower (1949) 
procedures and may, in addition, result in an improved method for 
determining nucleic acid phosphorus in soils. 
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of Dver Wrenshall, and Smith (1940), Wrenshall and Dyer (1941), 
Bower (1945, 1949), and Jackman (1949) are all adaptable to quan i 
tive work. Bower (1945) found that m three Iowa soils from 41 to 
per cent of the organic phosphorus was present in the form of phj A 
and lower phosphoric acid esters of inositol and later (Bower, 04) 
reported values of 67 to 83 per cent in the same soils Jackman (194 ) 
found by means of his modification of Bower’s methods that from 30 to 
149 p.p.m. of inositol phosphate phosphorus were present in a group ot 
ten Iowa soils. The amount varied inversely with the pH. In the light 
of the findings of Smith and Clark (1951, 1952) regarding the impurity 
of inositol phosphate preparations obtained from soil by chemical frac¬ 
tionation, however, all available quantitative data on soil inositol plios- 
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phates are subject to question. The values reported above probably 
represent a considerable overestimate of the amounts actually present. 
Basing his method on the work of Jackman (1949) and Smith and 
Clark (1951, 1952), Caldwell (1951, unpublished data) developed a 
chromatographic method for inositol hexaphosphoric acid that gives 
quantitative results, but as yet no data are available on the content of 
this compound in soils. 


IV. Transformations 

1, Stabilization of Organic Phosphorus in Soils 

If a soil profile contains as much as 2400 pounds of organic phos¬ 
phorus per acre, as was found in some of Godfrey’s (1951) work, it is 
obvious that many years must have been required for the accumula¬ 
tion, and hence that most of the organic phosphorus in the soil is not of 
recent origin. Since organic phosphorus compounds added to soils in the 
form of plant, animal, and microbial tissue are not particularly resistant 
to decomposition, there is evidently some condition peculiar to the status 
of organic phosphorus in soils that accounts for its stability. 

Several hypotheses might be advanced to account for the failure of 
soil organic phosphorus to undergo rapid mineralization. First, it might 
be argued that the stability is caused by the presence of the organic 
phosphorus in viable tissue in the soil. The proportion of the organic 
phosphorus in viable tissue has never been evaluated, but Auten’s 
(1923) estimates indicate that it is rather small. Second, it is possible 
that part of the soil organic phosphorus is different in nature from the 
major types of organic phosphorus compounds added to soils. Wrenshall 
and Dyer (1941) and Smith and Clark (1951) have obtained some evi¬ 
dence to support this view. The hypotheses that appear to account 
most credibly for the gross behavior, however, are first that soil organic 
phosphorus exists in an inherently unreactive state, and second that 
soils normally have a low level of enzyme activity. 

The low concentration of organic phosphorus in displaced soil solu¬ 
tions and water extracts of soils is evidence for the existence of soil or¬ 
ganic phosphorus in relatively inactive condition. Analyses of Pierre 
and Parker (1927), Kaila (1948), Fuller and McGeorge (1950, 1951a), 
and Yuen and Pollard (1951) indicate that the concentration is usually 
less than 1 p.p.m. Moreover, it appears from the work of Chouchak 
(1927) and Kaila (1948) that much of the “soluble” organic phos¬ 
phorus may be present in microbial cells. The concentration of organic 
phosphorus attributable to solution processes is thus exceedingly low. 
This situation is in marked contrast to the appreciable solubility dis- 
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compounds. The insolubility of the s 8^ with polyvalent 

results in part from the for ™ at '° a ° fer 1949; Neuberg and Roberts, 
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1949; Jackman and Black, 195 ; » ^ (Smith, 1934 ; Gieseking, 

adsorption by clays or organic constituen ^ ^ Belozersky, 

1939; Hendricks, 1941; Speige Goring and Bartholomew, 1951, 

1 947 ; Bower, 1949; Goring, 1950, * basic amin o groups, 

1952; Wittcoff, 1951). Polar P h ° sp probably all involved in 

molecular forces, and hydrogen bonding; P_ com ^ ounds an d soil 

the interactions between organ PP Bart holomew, 1952). 
(Hendricks, 1941; Bradley, 1945, J r JL sition 0 f organic matter in 
In a series of experiments on e P (1947), Broadbent 

rfs , i, or^nic carbon and nitrogen are 

(1948), and Hallam ( 1952 ) presence than in the absence of 

mineralized at a more rapid late in p havg conc i u ded that one 

added decomposable organic subs an. ™ y decomposition is the 

«■-« -*• to 

,h .f the ***£ 

SLTrk'hKenaon, on phy.in, where the choice of hypothete, » 
fairlv clearly between insolubility and enzyme acti ty. P 

merits of Jackman and Black (1952a, 1952b) demonstrated the presence 
2 "hvtase activity in soils, and indicated that msolubilty of soil phytin 
SfSTSX importance than the level of phy.a* actmfy m 
limiting the^ate of hydrolysis of the soil phytate phosphorus. In an 
additional experiment, Jackman (1949) found that maintaining soil 
phytase activfty at an artificially high level for 15 weeks by periodic 
additions of carbohydrates and nitrogen resulted in a perceptible 
crease in content of inositol phosphate phosphorus in six soils. These re- 
suits indicate that the level of enzyme activity does have a measurable 
effect. Further verification of the results of the latter experiment is 
needed, however, because it is now known that the method of analysis 
employed includes some soil organic phosphorus not present as inositol 

phosphates. 

O l\/f j inn 


a. Evidence. Two types of evidence indicate that soil organic phos¬ 
phorus undergoes mineralization. The first is based on changes in soils 
as a result of long-continued treatment. Several investigators (Scholl- 
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enberger, 1920; Pearson, 1940, unpublished data; Garman, 1948; 
Thompson and Black, 1950; Thompson, Black, and Zoellner, 1953) 
have found that, in comparable samples of virgin and cultivated soils, 
the content of organic phosphorus is usually the lower in cultivated 
soils. DeTurk (1938) and Korableva (1951) found that the organic 
phosphorus content of cultivated soil decreased with time. Khvorov and 
Onokhava (1939) found that when virgin soils were brought under cul¬ 
tivation the content of organic matter decreased; the content of citric 
acid-soluble phosphorus increased for the first few years of cultivation, 
and then gradually decreased. Damsgaard-Sorensen (1946) and Kaila 
(1948) found that limed soils contained less organic phosphorus than 
did the soil of corresponding acid, unlimed plots. These results can all 
be explained on the basis of organic phosphorus mineralization; in 
themselves, however, they do not constitute sufficient evidence. 

The second type of evidence is based on laboratory experiments con¬ 
ducted over a relatively short period of time. Robinson (1937) found 
that the amount of inorganic phosphorus removed by Truog’s dilute 
sulfuric acid-ammonium sulfate extractant increased in air-dry soil 
samples during a year’s storage. The increase in extractable inorganic 
phosphorus was correlated positively with the amount of total nitrogen 
in the soils. Ghani and Aleem (1943a) found that during a 10-week 
incubation the content of soil organic phosphorus decreased. At the 
same time, the content of acetic acid-soluble inorganic phosphorus in¬ 
creased. although not to the same extent. Salonen (1946) found that, 
although organic phosphorus soluble in 0.25 N sodium hydroxide usu¬ 
ally decreased during incubation, the inorganic phosphorus soluble in 
the same extractant usually decreased also. It was subsequently found 
for a large number of soils by Thompson (1947), Kaila (1948), Bower 
(1949), and Thompson, Black, and Zoellner (1953) that the increase in 
extractable inorganic phosphorus produced during incubation agreed 
closely with the decrease in organic phosphorus, thus demonstrating 
more conclusively that soil organic phosphorus may undergo min¬ 
eralization. These investigators used strong mineral acid or consecutive 
strong mineral acid-ammonium hydroxide extraction. 

b. Association with Other Soil Properties. The work of Thompson 
and Black (1950) and Thompson, Black, and Zoellner (1953) showed 
that both the quantity of organic phosphorus and the rate of organic 
phosphorus mineralization in a group of soils were correlated positively 
with the amounts of organic carbon and nitrogen in soils. The rate of 
organic phosphorus mineralization was correlated positively with the 
rates of organic carbon and nitrogen mineralization. Moreover, the 
amounts of organic phosphorus, nitrogen, and carbon mineralized cor- 
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and Thompson 1 c p e her, Frank, and 

aS g - Aithpr 25 or 90 per cent of the water-holding capacity. 

Seher 0934) and Feher and Frank (1936a) found that the 
content of citric acid-soluble phosphorus in forest soils throug ™ e 
ear was correlated negatively with the product of soil water percentage 

and soil temperature in the field at the time of 
coworkers (Feher, 1934, 1935; Feher and Frank, 

Frank and Manninger, 1939) have correlated citric acid-soluble phos 
phorus with numbers of soil microorganisms, but from the inco 
sistency in results between experiments the relationships appear to be 

complex^ ^ evidence that organic phosphorus mineralization may 

be affected by previous heating, drying, or freezing of the soil. I hese 
treatments have been reported by many investigators to increase the 
solubility of soil organic matter. DeLong, Sutherland, and Archer 
(1940) found that previous heating increased the amounts of both or¬ 
ganic and inorganic phosphorus extracted from soils by Truog s dilute 
sulfuric acid-ammonium sulfate extractant. Drying increased the 
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amount of inorganic phosphorus extracted but had no consistent effect 
on organic phosphorus. Thompson's (1947) finding that appreciable or¬ 
ganic phosphorus mineralization appeared to occur for only about a 
week after air-dried soils had been moistened may have resulted from 
an effect of drying on susceptibility of a part of the organic phosphorus 
to mineralization. Yuen and Pollard (1951) found that the content of 
organic phosphorus in the soil solution was highest in the spring and 
lowest in the autumn, which likewise suggests an effect of winter 
freezing on susceptibility of a part of the organic phosphorus to 
mineralization. 

d. Added Organic Materials. When organic material free of inor¬ 
ganic phosphorus is allowed to undergo partial decomposition in soils, 
the net effect on the quantity of inorganic phosphorus depends to some 
extent on the organic phosphorus percentage in the added material. 
Mineralization will result with such substances as nucleic acid and the 
simple carbohydrate phosphates, which contain high percentages of or¬ 
ganic phosphorus (Scharrer and Keller, 1940; Dyer and Wrenshall, 
1941; Pearson, Norman, and Ho, 1941; Pinck, Sherman, and Allison, 
1941); and at the other extreme, immobilization will result with such 
substances as dried blood and carbohydrates, which contain little or no 
organic phosphorus (Chouchak, 1929; Taylor, 1946; Kaila, 1948; Fuller 
and McGeorge, 1950). 

The situation of greatest practical significance lies between the two 
extremes of high and low organic phosphorus. Lockett (1938), Chang 
(1939, 1940), Mamchenko (1941), Pearson, Norman, and Ho (1941), 
Shrikhande (1948), and Kaila (1948, 1949a, 1949b) have contributed 
to an understanding of this problem. A tabulation of data obtained by 
these investigators shows that where various organic materials were 
decomposed for periods of a month or less by a mixed flora, initial min¬ 
eralization of organic phosphorus occurred where the material con¬ 
tained 0.15 to 0.78 per cent organic phosphorus, and initial immobiliza¬ 
tion occurred where it contained 0 to 0.21 per cent organic phosphorus. 
Assuming a carbon content of 45 per cent in the original organic mate¬ 
rials, the data indicate that initial mineralization will occur if the C: or¬ 
ganic P ratio is below about 200, and that initial immobilization will 
occur if the ratio is above about 300. Interpretation of these results in 
terms of the type of organic substances commonly added to soils in¬ 
dicates that immobilization of phosphorus should be a normal occur¬ 
rence with such substances as straws and green manures, and that min¬ 
eralization should usually result with animal manures. Before these 
results can be interpreted in terms of availability of the phosphorus to 
plants, however, at least two additional factors should be considered. 
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under practical conditions a crop may occupy the land romsever 
months to a year or more after the application of organic materials. 
Moreover, the total effect of organic materials on the phosphorus supp ) 
involves not only the contribution of the most recent addition, but al o 
the unexhausted residual effects of previous additions. The data ot 
Damsgaard-Sorensen (1946) and Korableva (1951) obtained from field 
experiments with manure indicate that the added organic phosphorus is 
largely mineralized, with the result that the content of soil inorganic 
phosphorus is increased. 


V. Importance 

Numerous experiments have demonstrated the greater or lesser 
availability to plants of the phosphorus added in organic form to culture 
solutions, sand cultures, or soils, but relatively few experiments have 
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been conducted on soil organic phosphorus in its natural state. The first 
experiment of the latter type appears to be that of Vincent (1937), in 
which it was found that during growth of crops there was a reduction 
in amounts of both inorganic and organic soil phosphorus soluble in 2 
per cent citric acid. 

Chirikov and Volkova (1941) separated the total soil phosphorus 
into five fractions on the basis of solubility in chemical extractants, and 
then classified the various fractions in order of decreasing availability 
on the basis of plant growth tests. The sodium hydroxide-soluble frac¬ 
tion, containing most of the organic phosphorus together with some in¬ 
organic phosphorus, was classified in the fourth category. It appeared 
to be of no value. Williams (1950c) conducted a similar experiment 
with five soils, in which removal of 7.5 p.p.m. of phosphorus from the 
soil by a wheat crop was accompanied by a reduction of 8.1 p.p.m. in 
soil phosphorus extracted in three fractions, distributed as follows: 4.5 
p.p.m. in the acetic acid-soluble inorganic fraction, 2.5 p.p.m. in the 
alkali-soluble inorganic fraction, and 1.0 p.p.m. in the organic fraction. 
In other experiments, he found that the phosphorus in the soil fractions 
was correlated significantly with the phosphorus percentage in wheat 
plants in the case of the acetic acid-soluble and alkali-soluble inorganic 
fractions, but not in the case of the organic fraction. These results of 
Chirikov and Volkova (1941) and Williams (1950c) indicate that 
availability of soil phosphorus to plants is primarily a matter of the 
inorganic phosphorus status, and that organic phosphorus is of little or 
no importance. 

Eid, Black, and Kempthorne (1951, 1953) conducted three experi¬ 
ments in which phosphorus availability, estimated in a group of soils by 
plant gnwth, was related by multiple regression to the following four 
soil phosphorus fractions: (1) “available” inorganic phosphorus found 
by the dilute ammonium fluoride-hydrochloric acid extractant of Bray 
and Kurtz (1945); (2) organic phosphorus soluble in 1 per cent potas¬ 
sium carbonate and dephosphorvlated by hypobromite; (3) organic 
phosphorus soluble in 1 per cent potassium carbonate and not dephos- 
phorylated by hypobromite; and (4) organic phosphorus not extracted 
by potassium carbonate but extracted by the Pearson (1940) method 
for total organic phosphorus. Organic phosphorus fractions 3 and 4 w'ere 
of no significant independent value in predicting plant-available phos¬ 
phorus in any of the experiments. In two of the experiments, the plants 
were grown at soil temperatures of 20 and 35° C. At 20° C., organic 
fraction 2 likewise was of no significant value in predicting plant-avail- 
able phosphorus independent of inorganic fraction 1. At that tempera¬ 
ture. plant-available phosphorus depended almost entirely on inorganic 
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.trition of the crop. It was postulated from the results of t e irs 

experiments that soil organic phosphorus per se is of little or no va ue 
■*Vhe phosphorus nutrition of plants, and that it becomes of value when 
it is changed to the inorganic form. Since mineralization o g 
phosphorus proceeds several times faster at 35° C. than a ! , 

results might be attributed to the availability of much more mineralized 
organic phosphorus at high soil temperatures than at low soil 
tu ?es In addition, the results of the third experiment suggest that the 
plant must be present while mineralization is occurring to take ad¬ 
vantage of the extra source of phosphorus; otherwise, the special value 
of the mineralized phosphorus is lost by equilibration with the inorganic 

phosphorus of the soil. * 

Although there is as yet no evidence to disprove the correctness ot 

the mechanism suggested, it must nevertheless be recognized that the 
existing evidence has not established the sufficiency of this mechanism 
to account for the observed results. Whether or not the suggested 
mechanism is correct, however, the experiments demonstrated that 
knowledge of the quantity of an appropriate organic phosphorus frac¬ 
tion made possible a more precise prediction of soil phosphorus avail¬ 
ability than was the case with information on only inorganic phos¬ 
phorus availability. 

Clark (1952) conducted an experiment in which it was found that 
plant-available phosphorus measured at 20° C. did not depend to a sig¬ 
nificant extent on either the total organic phosphorus or the organic 
phosphorus soluble in potassium carbonate and dephosphorylated by 
hypobromite. Instead, it depended on a fraction of soil inorganic phos¬ 
phorus. 

Goring (1953a) developed a modification of the isotope dilution 
technique of Fried and Dean (1952) by which he could determine the 
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amount of soil phosphorus available to soil microorganisms. Using this 
technique, Goring and Zoellner (1953) found that the soil phosphorus 
available to microorganisms depended on both the inorganic phosphorus 
extracted by the Bray and Kurtz (1945) method and the net amount of 
organic phosphorus synthesized by the microorganisms. The latter was 
presumed to be correlated with the amount of organic phosphorus min¬ 
eralized, and to derive its significance from this correlation. In the same 
soils, however, the amount of soil phosphorus available to plants accord¬ 
ing to the Fried and Dean (1952) method depended on the inorganic 
phosphorus extracted by the Bray and Kurtz (1945) method, but not 
on the net amount of organic phosphorus synthesized by microor¬ 
ganisms. If the assumption is correct that net synthesis was correlated 
with the amount of organic phosphorus mineralized, these data indicate 
that organic phosphorus mineralization was not of significant value, in¬ 
dependent of correlation with the extracted inorganic phosphorus, in 
determining the amount of soil phosphorus available to plants. 

Of all the experiments that have been conducted, only those of Vin¬ 
cent (1937) and Eid, Black, and Kempthorne (1951, 1953) indicate 
that soil organic phosphorus may be of significance in the phosphorus 
nutrition of plants. The negative results of Clark (1952) can be ac¬ 
counted for on the basis of technique, since his experimental conditions 
were those under which Eid, Black, and Kempthorne (1951, 1953) 
found no significant value of soil organic phosphorus. The data of 
Goring and Zoellner (1953) cannot be accounted for in this way, since 
the greenhouse experiment from which the plant data were obtained 
was conducted under conditions found by Eid, Black, and Kempthorne 
(1951, 1953) to favor the importance of organic phosphorus. Whether 
the same can be said of the experiments of Chirikov and Volkova (1941) 
and Williams (1950c) is not known. Further research is needed on this 
important problem. 
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Chapter VI 

The Development, Evaluation, and Use of Soil Tests for 
Phosphorus Availability 

W. L. NELSON, A. MEHLICH and ERIC WINTERS 


I. Introduction 

Soil tests for available phosphorus have been ‘ffaTar^e 

a considerable period of time and have aroused the 
number of research workers. Even though a voluxmnous htera ure . on 

the subject has been developed, many problems relXmg to 
soils for available phosphorus remain unsolved. Periodic re 
appraisals of soil-testing studies indicate the extent of current usage of 
different soil-testing methods and something about the general reliabih 
ity of the tests. Furthermore, such reviews and appraisals shouP 
identify more clearly some of the major problems needing attention 

and may indicate promising lines of attack. # 

An objective of soil tests for available phosphorus is to estimate the 
phosphorus fertility level of soils. Such estimates are intended to be 
helpful in the prediction of fertilizer needs of a field. A more general 
objective of soil testing may be realized through the preparation of 
summaries of soil test results over an area to estimate fertility levels. 
Information about fertility levels of a region will be helpful in long- 
range planning of fertilizer production facilities. 


1. Biologically Available and Chemically Soluble 
Forms of Phosphorus in Soils 

The development of soil test methods for phosphorus has proceeded 
in various directions, changing with the knowledge of the mechanism 
of phosphate sorption by plants and with the knowledge of the soil fac¬ 
tors influencing the availability of phosphorus. In view of the observa¬ 
tions that plants can utilize water-soluble, carbon dioxide-saturated 
water-soluble, acid-soluble, and exchangeable sources of phosphorus, 
the soil test methods in use at the present time take cognisance of these 
various conditions. The development of chemical methods is com¬ 
plicated by the fact that plants differ in their ability to obtain phos- 
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phorus from the soil. Such factors as the character of the root system 
with regard to its degree of ramification throughout the soil, its rate of 
growth, the total phosphorus requirement, metabolically produced C0 2 , 
and exchangeable H of plant roots vary substantially among different 
plant species. For example, if the principal source of phosphorus is a 
relatively insoluble form of calcium phosphate, the plant species having 
the greater power to mobilize calcium will secure phosphorus more 
readily than the plant species having a lower energy for the mobiliza¬ 
tion of calcium. Other factors would, however, come into play if the 
principal source of phosphorus is in exchangeable form. 

There is good evidence to indicate that phosphorus is sorbed by plant 
roots mainly as H 2 P0 4 “. In the soil pH range 4.0 to 9.0 within which 
plants usually grow, the predominant ions of phosphorus in solution are 
HJPOr and HP0 4 =. The pH value in the immediate vicinity of active 
plant roots is usually somewhere in the neighborhood of 5, as a result in 
large measure of the excretion of metabolic C0 2 at the root surface. The 
dominant ion of phosphorus in this immediate root zone must be H 2 PO»" 
(Bates and Acree, 1943). Even though this suggests that an estimate of 
water-soluble phosphorus in the soil should give a good measure of the 
level of phosphorus available to the plant, this is not necessarily true. 
Factors which affect the transformation of water-insoluble phosphate 
to water-soluble phosphate might affect the so-called “phosphorus-sup¬ 
plying power” of the soil. This would permit plants in some soils to ob¬ 
tain an adequate amount of phosphorus even though the water-soluble 
level might be low. 

According to Russell and Russell (1950), some of the more im¬ 
portant phosphorus-containing materials are as follows: 

1. Apatite, both the hydroxy- and fluorapatite species. 

2. Calcium and magnesium phosphates which vary in composition. 
It is difficult to give any specific formula that would represent the group 
of calcium-magnesium phosphates in the soil. 

3. Iron and aluminum phosphates, including the phosphates bound 
or “sorbed” on the surface of hydrated iron and aluminum oxides. 

4. Organic phosphates, such as phytin and other inositol phos¬ 
phates, nucleic acid, and its derivatives. 

Many attempts have been made to study and describe the various 
forms of phosphorus that may be present in soil. Since the time of 
Daubeny (1845), many methods have presumed to measure the quan¬ 
tity of an “available” nutrient present in a given soil. The fallacy of 
this assumption has been pointed out by Bray (1937), who emphasized 
the importance of determining all, or a known proportion, of a nutrient 
form or forms of the phosphorus present. Bray further suggests that the 
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Z* require¬ 
ments during a growing season. 

2. Soil Factors Influencing Solubility of Phosphorus 

The soil pH greatly affects 

formed to the water-soluble condition. g crops ^ neutral 

ample, that raw rock phosphate is less av amount of 

and alkaline soils than it is in moderately ;u : t L oseS may in¬ 
organic matter in the soil and therate at w c P 0 f 

fluence phosphorus availability. This ,s tQ exert a 

calcium phosphate forms, since the C0 2 produced m y 

^^Th^typT of colloid and its associated compounds P rob “ hl J f 
plication. S 

factors which cannot be discussed in further detail here all influence th 
availability of soil supplies of phosphorus to plants. 

II. Development of Soil Tests for Phosphorus Availability 

A large number of soil-testing procedures have been developed for 
the measurement of available phosphorus in soils. Some of the pro¬ 
cedures are very similar, although differing in detail. Others represent 
extremes in variation. The procedures may be grouped for convenience 
into two broad categories, each of which can be subdivided: (1) extrac¬ 
tion methods and (2) biological methods. 


1. Extraction Methods 

The extraction methods have been grouped into four categories: (a) 
water, (b) carbon dioxide-saturated water, (c) acids, bases, salts, and 
buffered solutions, and (d) electrodialysis and ion exchangers. 

a. Water . A large number of workers including Blenkinsop (1938), 
Burd and Murphy (1939), and Bingham (1949) have developed meth¬ 
ods based on extraction of soil phosphorus with water. Under some soil 
and crop conditions, this procedure has given satisfactory prediction of 
crop response to phosphorus fertilization. Water as an extracting 
reagent for phosphorus is employed on sandy soils, such as in the citrus 
fruit areas and the organic Everglades soils of Florida (Forsee, 1950). 
Under these conditions the conversion of added soluble phosphorus into 
insoluble forms is not great. Hence, the relatively large portion of the 
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phosphorus remaining in soluble forms serves as the principal source 
of phosphorus for plants. 

Under many soil conditions, water extracts fail to give a good corre¬ 
lation between soil test results and crop response. One reason is prob¬ 
ably related to the unbuffered character of the water. This results in 
the pH of the final solution, after soil extraction, being influenced 
greatly by the pH of the soil. Another major objection to the use of 
water is the frequent failure to obtain a clear extract. Whether the ex¬ 
tract is clear or not depends to a great extent upon the electrolyte con¬ 
tent of the soil. Conversely the electrolyte content affects the solubility 
of phosphorus. The presence of KC1, for example, increases the solubility 
of the alkaline earth phosphates but decreases the solubility of iron and 
aluminum phosphates (Mattson el al ., 1950). 

b. Carbon Dioxide-Saturated Water. The use of C0 2 -saturated 
water has long been advocated for soil testing on the basis that plant 
roots produce C0 2 (Mitscherlich, 1930). McGeorge (1939) found that 
the solubility of phosphorus in alkaline soils increased with increasing 
concentration of C0 2 in the water. He also found that the amount of 
phosphorus dissolved was influenced by the soil: solution ratio. 

Machigin, quoted by Brind (1950), found that bubbling C0 2 for 
two hours through a 1:100 soil:water suspension gave a better correla¬ 
tion with crop response to phosphorus than did the nitric acid method 
of Von Sigmond (1929) or the 1 per cent potassium carbonate method 
of Das (1930). Stanberry (1949) found C0 2 extraction a satisfactory 
substitute for the Neubauer metHod on a Serozem soil. Recent work by 
Olson, reported in this monograph, reveals that alkali carbonate and 
bicarbonate solutions are more satisfactory than C0 2 . 

c. Other Acids , Bases , Salts , and Buffered Solutions. (/) General 
considerations. As in the case of water and C0 2 , the selection of organic 
acids as extracting solutions has been based on the assumption that 
plant roots excrete organic acids and that organic acids have a solvent 
power comparable to C0 2 -saturated water. The selection of inorganic 
acids, however, is largely based on analytical expediency, in that 
reagents are chosen which interfere as little as possible in the colori¬ 
metric determination of phosphorus by means of the Deniges molyb¬ 
denum blue method. This, however, may not be desirable, as the selec¬ 
tion of the reagent should be based on the nature of the phosphorus 
present in the soil. 

Recent work on the chemical methods for the determination of phos¬ 
phorus in the soil has been reviewed by Brind (1950). The organic 
acid extractions proposed and still widely used are: (a) the citric acid 
methods of Dyer, and modified by Konig and Hasenbaumer (described 
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Brind (1950); and (c) the acetic acid metho ^ Slgmond (19 29), 
The mineral acids used are: °- B1 ” * y , Baver and Bruner 

0.2 N HN0 3 by Fraps 1 1909) / 19 46 \ 02 TVh/o. by Bondorff (see 
0.7 /V HC1 by Olson (1946), • MQ: >o\ and a mix- 

Brind, 1950), 0.01 N H.SO. by Kerr and Suegh z A ^ blished) . 

ture of 0.05 N HC1 and 0.025 N w \ de ly used are 

Many investigators use buffered solu on . ( Truog 1930; Peech 

0.0027V H 2 SO. buffered at pH 3 with (NH.),SO. (Truog > , 

et al., 1947; Mukherjee, 1941; Rubins and Dean VW, Lunt 

acid buffered near pH 4.8 wi* soihum p^rg and Brown, 1932; 
* al., 1950; Peech and Enghsh, 1944,Station, Soil Test 
Henda, 1950) and with ammonium acetat (FI £ buffere d with 

Work Group, 1951). H« bufeod with NH.F; 

sodium borate at pH 1.5, Bra J ( fhe Dresen ce of 8-hydroxyquinoline; 

Ghani (1943) used acetic acid in the presene y' 

and Cooke (1951) used 0.5 TV acetic acid at pH 2.5 mixed witn 

COn S X a rexTacffons are used on some red soils, and 0.5 TV NaOH has 

been reeonun.nded by donee <19«y Olher M 
ner cent potassium carbonate method of Das (1930) and the calciu 
bicarbonate method of Dirks and Scheffer (1928)^ According to Laatsc 
(1941), solutions of KHC0 3 were effective in the replacement of ex¬ 
changeable phosphorus, whereas solutions of either K 2 S0 4 KC1, or car 
bon dioxide-saturated water were not. The latter was effective, how¬ 
ever, in releasing phosphorus from apatite-like phosphates. 

( 2 ) Factors to be considered in the development of soil tests: (a) 
Refixation of Phosphorus During Extraction A review of most of the 
papers dealing with this subject has been made by Wild (1950a). Even 
though a definite identification of the forms of phosphorus present in a 
given soil may have been ascertained, the interpretation of the test may 
be subject to error because of secondary reactions taking place during 
extraction. These secondary reactions generally involve a reduction of 
the phosphate ion concentration or “re-fixation.” This readsorption of 
phosphorus may be caused either by a reduction in the H ion concentra¬ 
tion of the acid extractant or by a fixation by various metallic oxides or 
hydrates of iron, aluminum, titanium, and manganese. To overcome 
the effect of the former, either the extracting solution must be suffi¬ 
ciently strongly buffered or the soil:solution ratio employed must be 
wide enough to prevent appreciable fluctuation in pH. Hence, in using 
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the lactic acid method of Egner (1941), Riehm (1940) employs a 
1 g. sample of soil in place of the usual 5 g. sample whenever the soil 
contains free CaC0 3 . 

In order to reduce the effect of re-fixation by the metallic oxides 
during the extracting process, complexing agents have been used suc¬ 
cessfully. The most extensive study of this nature has been reported by 
Cooke (1951). Using 0.5 /V acetic acid at pH 2.5 as the extracting solu¬ 
tion and adding various metallic oxides, he found that the percentage 
fixation of added phosphorus was reduced by the addition of complexing 
reagents. A portion of these data are reproduced in Table I. The data 

TABLE I 

The V r ALUE of Reagents in Preventing Fixation of Added Phosphate by Hydrous 

Oxides in Acid Suspension® 


Oxide 

Amount , 
grams 

Reagent 

Amount, 

grams 

Percentage fixation 
of added phosphate 

Without With 
reagent reagent 

TiOj 

0.100 

8-Hydroxyquinoline 

0.75 

96 

74 

TiO, 

0.0*5 

Selenious acid 

0.25 

93 

5 

Fc 2 Oi 

0.050 

8-Hydroxyquinoline 

0.50 

100 


Fe,0, 

0.050 

Citric acid 

1.00 

100 

1* 

FejOj 

0.050 

Selenious acid 

0.25 

100 

18 

AM), 

0.030 

Morin (in alcohol) 

1.00 

90 

29 

AljOj 

0.030 

Quinalizarin (in alcohol) 

1.00 

80 

36 

AljOj 

0.030 

Citric acid 

1.00 

68 

11 

AlfOt 

0.030 

Oxalic acid 

1.00 

68 

14 

AljOa 

0.030 

Ammonium fluoride 

1.00 

71 

12 

AlsO* 

0.030 

Potassium ferrocyanide 

1.00 

68 

27 

MnO, 

0.100 

Selenious acid 

1.00 

35 

18 


• Cooke (1951). 

show selenious acid, citric acid, oxalic acid, and ammonium fluoride to 
be very effective, potassium ferrocyanide, quinalizarin and morin to be 
moderately effective, and 8-hydroxyquinoline to be least effective in 
reducing phosphorus fixation. 

Cooke found further that kaolinite, halloysite, and bentonite fixed 
very little phosphorus at either pH 2.5 or 4.5 and that selenious acid did 
not retard fixation. However, when CaHP0 4 was added to latosolic soils, 
fixation at pH 2.5 was substantial only in the absence of selenious acid. 

(b) Effect of the Anion on Phosphorus Dissolved. The solution of 
phosphate from calcium phosphate by dilute acids is straightforward, 
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unless, as has been pointed out, ^^^roJor aluminum phos¬ 
phorus from the exchangeable the anio n of the extractant 

phates depends, however, upon the na of anionS for sorbed 

Kurtz et al. (1946) found the re P lac,ng sulfate , thiocyanate, 

phosphate to be in the increasing or • ^ fluoride. In view of the 
acetate, borate, bicarbonate, lvin ’ g phosphate, Bray (1948) 

high efficiency of the Huonde ion in di so gp ^ ^ an 0X . 

recommended the use of this re g re p lacing t h e sorbed phosphate 
tractant. The reagent recommended P reagent for the corn- 

consisted of 0.03 N NH.F in 0.025 N HC1, an h g in 0 .1 TV 

bined acid-soluble and sorbed forms consisted of 0.03 

HC 's,.U (.949,. ».rkb* 

25 „50 P 9rc«tk..W»m^y''“ pho , ph , tt . The 

"5 11 The r “ ulB • how "” l 

TABLE II 

Amopnt or Phosphor Extracted bv to- 


Pounds of phosphorus per acre extracted by: 


0.08 NNHJ? 0.03 N NHiF 
in in 

0.1 N HtSO* 0.1 N HCl 


0.1 N 0.1 N 0.1 N 
NHiF IltSOi II Cl 


0.1 N 0.002 N 
NaOH IhSO, 


Average 

Range 


80.0 

24-200 


64.3 

16-204 


69.8 43.7 43.4 $7.3 
11-174 3-228 15-132 6-136 


1 Seats (1949). 


0 1 N NH 4 F dissolves the least and that 0.03 N NH 4 F in 0.1 /V H 2 S0 4 
releases the most phosphate. The Bray extracting solution pleases less 
phosphorus than 0.1 /V H 2 S0 4 but more phosphorus than 0.1 /V HU. 
Seatz also studied the relative efficiency of some of these reagents on 
laboratory preparations of iron and aluminum phosphate. A portion of 
these results are shown in Fig. 1. There is little difference between 
HC1 and H 2 S0 4 , with aluminum phosphate. With iron phosphate, how¬ 
ever, H 2 S0 4 is more effective than HC1 in dissolving phosphorus. In 
both systems, the acidified NH 4 F lies between HC1 and H 2 b0 4 , whereas 
neutral NH 4 F was least effective. 

The problem of the effect of the extracting solution on the solution 
of phosphate from soils containing different types of colloids was studied 
by one of the authors (Mehlich). In developing a soil test for North 
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Carolina soils, it had been deemed expeditious and economical to select 
an extracting solution in which calcium, magnesium, phosphorus, and 
potassium could be measured in a single extract. The extractant in the 
“Universal” system (Morgan, 1937) consists of a mixture of acetic 
acid and sodium acetate adjusted to pH 4.8. This extracting solution, or 
minor modifications thereof, is widely used in the northeastern region 
of the United States (Soil Test Work Group, 1951). Though this ex¬ 
tracting solution is relatively efficient in removing the exchangeable 
metal cations (Peech and English, 1944), it has failed to extract meas¬ 
urable quantities of phosphorus from many high phosphate fixing soils 


PERCENT 



Fig. 1. Relative effectiveness of HiSO« and HC1 in extracting phosphorus from 
FeP0 4 and AIPCh (Seatz, 1949). 

of the Piedmont and Mountain regions of North Carolina. Sodium 
perchlorate and perchloric acid were also tried without further success. 
Next 0.05 N HC1 was tried. Although this extracting solution appeared 
to be somew'hat more promising, experimental results in the laboratory 
and greenhouse indicated too low a recovery of phosphorus from high 
phosphate fixing soils adequately supplied with available phosphorus. 

A search for a reagent which would extract a larger proportion of 
the difficultly available phosphorus was, therefore, undertaken. Data in 
Table III show the relative efficiency of various reagents in extracting 
phosphates from soils of high and low phosphorus fixing capacity. The 
results show that neither hydrochloric nor perchloric acid is as effective 
as sulfuric acid in extracting phosphorus from the Cecil soils. There is 
little difference among these three reagents as regards the White Store 
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, j un from the Cecil 
soil Lactic acid extracts more phosphonis ^ o with H 2 S0 4 , 

S but no. from the White Store ° ors phosphorus 

(NH.),SO„ or oitrio aoid in mixtures with HC1 

^“”ZvTS »,e phosph.ru, than HO alone. 


TABLE HI 

p B0S PU0H U9 Br ovobt into Solution bt 


Reagents 


Soil and treatment 


CM CM "'Hite Stor rf 


vhos Phos- phos- Phos- P hos ~ Ph °*' 
phated phated phated phated pkaUd phated 


Son- 


Non- 


0.05 N hydrochloric acid 
0.05 N sulfuric acid 
0.05 S perchloric acid 
1 % lactic acid 

0.05 N HCl + 1% lactic acid 
0.05 N HCl + 0.025 N H 2 S0 4 
0.05 N HCl + 0.025 N (NH 4 )*S0 4 
0.05 N HCl + 0.05 N (NH 4 ) 2 S0 4 
0.05 N HCl + 0.06 N NH 4 F 
0.05 N HCl + 0.025 N (NH 4 ) 2 Mo0 4 
0.05 N HCl 4- 0.01 N HjBOs 
0.05 N HCl + 0.05 N citric acid 


4 

22 

15 

70 

6 

15 

14 

58 

13 

27 

8 

88 

8 

84 

9 

90 

9 

88 

12 

43 

8 

22 

7 

38 


8 50 H 8 412 

24 142 153 435 

5 36 119 435 

15 75 153 313 

12 43 HO 313 

26 142 174 435 

26 133 179 389 

29 147 174 389 

32 153 231 389 

26 48 39 HO 

6 43 133 435 

15 71 142 435 


. Cecil-R U from Rutherford Couot,. N. C. «d - known to b Urge of phoopboru. The co»o,d 

-tsis. t^z ££$. sr^Zt.—- 

lion of this .oil contain, about 70% montmorillonitc and 20% kaohn.te (Mehhch and Colwell. 194S). 


These studies were continued with the phosphated soils using 
0.075 N HCl, 0.05 N HCl + 0.025 N NH 4 F, and 0.05 N HCl + 0.025 N 
H 2 S0 4 . The samples were shaken for 5 minutes, centrifuged, decanted, 
and again shaken with fresh solvent for 5 minutes. This was repeated 
five times. The cumulative amounts removed, expressed as pounds 
P 2 0 5 per acre, are shown by the results in Fig. 2. All three extractants 
were about equally effective with White Store soil. With the two Cecil 
soils, however, HCl released less phosphorus than the mixtures. Al¬ 
though the amounts of phosphorus applied to both the Cecil soils (2800 
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lb. P 2 0 5 an acre basis) were the same, approximately 50 per cent of the 
phosphorus added was released after five extracts from Cecil-W whereas 
only 14 per cent was released from Cecil-R, with the HC1-H 2 S0 4 mix¬ 
ture. The White Store soil received only 1400 lb., but all of this was 
removed by two extractions. 



Fig. 2. Effect of soil type and extractant on solution of added phosphate. 


Wild (1950b) also has shown that the greatest relative effect of SO* 
ions is at very low concentrations, that is, less than 0.02 N. This phase 
of the problem has been further investigated by adding increasing 
amounts of Na 2 S0 4 to 0.05 N HC1 and then measuring the phosphorus 
extracted from the Cecil-R, Cecil-W, and White Store soils studied. The 
results, shown in Table IV, reveal a large initial increase, followed by 

TABLE IV 

The Effect of Increasing Concentrations of Na 2 SO« on the Solubility of Soil 

Phosphorus in HC1 


Extracting solution 


Soil and Treatment 


Cecil-R 

Cecil-W 

White Store 

P+Oi, pounds/acre 


0.05 N HC1 

22 

50 


148 

0.05 N HC1 + 0.05 N NajSO* 

64 

126 


172 

0.05 iV HC1 + 0.10 N NajSO* 

64 

134 


180 

0.05 N HC1 + 0.5 N Na } SO* 

88 

148 


180 

0.05 N HC1 + 1.0 N Na&Oi 

96 

164 


207 
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. gradual teraa*. » th. — »' P te <’ h ““ """ 

»* ot ss iiS- 

and Wild (1950b), who have^ shown adde d. Mattson’s data 

remain in an acid solution when s with so ils of high iron 

show that these effects are particularly ™ 8 like wise point in the 
contents. The data of Cooke (1951) ( se ^ a “ ye th^effect as the 

same direction, in that the su a e ion effects the reader is 

selenate ion. For a detailed explanation of these effects, tn 
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Fig. 3. Effect of R.-0,: P,0. ratio on the phosphorus dissolved with an HCl 
HjSOi mixture in iron and aluminum systems. 

referred to the original papers of the above authors, and, for a general 
review of the effect of complexing ions, to the papers by Wild (1950a) 
and Struthers and Sieling (1950). 

In the experiment by Seatz the ratio of the synthetic 

phosphates was near 1. In order to study the solution of phosphate over 
a wider range of R 2 0 3 :P 20 5 ratios, increasing amounts of iron and 
aluminum oxide hydrates, prepared by the addition of NH 4 OH to FeCl 3 
and A1C1 3 , were treated with 0.5 milliequivalent PCX* 5 as H 3 P0 4 . The 
phosphate was then extracted with three successive extractions with the 
0.05 N HC1-0.025 N H 2 S0 4 mixture. These results are presented in 
Fig. 3. With increasing R 2 0 3 :P 2 0 5 ratios, the phosphate dissolved de¬ 
creases in both the iron and aluminum systems. Solution from the 
aluminum systems is, however, greater than that from the iron systems, 
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d. Electrodialysis and Ion Exchangers. The older literature pertain¬ 
ing to electrodialysis has been covered by Goodwin (1935). The method 
is used extensively at the New Jersey Agricultural Experiment Station 
(Purvis and Hanna, 1949). 

Use of cation exchangers has been reported by Bondorff and 
Damsgaard-Sorensen (1942). The reaction with Ca(HP0 4 ) 2 , for ex¬ 
ample, is as follows: X-Na + Ca(HPO,) 2 -> X-Ca + Na 2 HP0 4 . After 
the colloid is separated by centrifuging, the water-soluble phosphorus 
is then determined. Unpublished data by the Danish Heath society 
show that this method gives a higher correlation coefficient with crop 
response than have the Egner and several other chemical methods. The 
method fails to extract any measurable amount of phosphorus from 
soils having a high phosphorus fixing capacity, as shown by Coleman 
(unpublished data). Under such conditions an anion exchanger appears 
more promising. The reaction would be as follows: ROH" + soil-Al or 
(Fe0)*H 2 P0 4 _ R + *H 2 P0 4 " + soil* A1 or (FeO)*OH-. In the case of 

the anion exchanger, the necessity for the separation of the anion ex¬ 
changer from the soil and the subsequent replacement of H 2 P0 4 - from 
the exchanger might render this method too cumbersome for rapid soil 
test work. 

2. Biological Methods 

a. Higher Plants. The methods involving higher plants have been 
reviewed by Vandecaveye (1948). The field plot technique is, of course, 
the oldest method, but it is not adapted to extensive application. 
Biological methods involving growing plants in small quantities of soil 
in the greenhouse help to bridge the gap between soil analysis and 
field experiments. In this type of method, the comparative yields and/or 
uptake of plant nutrients from treated and untreated portions of the 
soil are usually taken as a measure of plant nutrient status. 

In the pot method developed by Mitscherlich (1930), the yield of 
oats without phosphorus expressed as the percentage of the maximum 
yield or yield with phosphorus is used as a measure of the phosphorus 
level in the soil. Bray (1948) has used the Mitscherlich concept in part 
in calibrating soil tests for phosphorus under Illinois conditions. 
Vandecaveye (1948) also discusses Jenny’s (Jenny et al. y 1950) modi¬ 
fication of the Mitscherlich method, in which romaine lettuce was used. 

The seedling method proposed by Neubauer and Schneider (1923) 
is based on the amount of phosphorus taken up by rye from 100 g. of 
soil in 17 days. This method has been extensively used as a reference 
method for the calibration of chemical methods, notably in Germany. 
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This method was at one time the ‘ , 0 ^ cia £“^ s ° d lac utl h me C S tr A de- 
l ha> bean subsequently ^ced by Eg»" S by V.ndecav.y. 

tailed discussion of the seedling method is give 

°7JU end Dean (.952, have present^ ^concept d* be¬ 
having two sources o. a nutnent m « nH avai i a ble. This has 

these sources in direct proportion to of available nutrient 

the following logical consequence, the q ? d pr0 vided that the 

in the soil can be determined in terms of a de 

proportion of the nutrient in the plant d ® nv d with P 32 - The 

lennined. This can be done usrng a "StotvT 

mathematical expression of tht. rel.ttonshtp ts as follotvs. 

_ B{\ -V) 

A y 

where A = amount of nutrient available in the soil, B — a “° u " t ° 
nutrient in the standard, and , = proportion of the numen, tn the plan, 
derived from the standard (see Chapter II). , . level in 

,he 

literature and discussed this method in detail. Plant fssue tests ar 
more rapid method of analysis and are also used as an indication^ th 
phosphorus status of soils. Krantz «/ al. (1948) !have reviewed and d,s- 
cussed these tests. In many respects, the plant should be a good mdicato^ 
of the soil environment as it tends to integrate all factors 0f co ^’ t 
and method of sampling, plant species, and weather will all affect plant 


composition. 

b Microbiological. The premise in using microorganisms as a 
measure of the phosphorus level is that their requirements for phos¬ 
phorus are much the same as those of higher plants. Methods based on 
this principle have been reviewed by Vandecaveye (1948). Butkewitsch 
(1909) was one of the first to suggest the use of Aspergillus niger as a 
biological indicator of the amount of available phosphorus and potas¬ 
sium in soils. Apparently unaware of this work, Pantanelli (1924) sug¬ 
gested the use of A. niger, A. oryzae, and A. flavus for testing the phos¬ 
phorus level of soils. He used the phosphorus content of the mycelium as 
an index of available phosphorus. Benecke and Soding (1928) used 
Cladosporium herbarum and Stichococcus in addition to A. niger. The 
A. niger method was extensively developed by Niklas et al. (1930). 
Smith et al. (1932) concluded that the citric acid present in the medium, 
which was necessary for the partial sterilization of the soil, was largely 
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responsible for the solution of soil phosphorus in the A. niger method. 
The results suggest that similar information could probably be obtained 
with a simple citric acid extract of the soil. This objection was in part 
overcome when Sekera and Schober (1934) proposed the use of tannic 
acid in place of citric acid. This modification also included the use of a 
parallel culture to which a known amount of phosphorus was added. 
The ratio of the weights obtained from this pair of cultures was used as 
an index of phosphorus needs. 

One of the biological tests involving the use of the natural soil (non- 
sterilized) is the Winogradsky and Ziemiecka (1927) or soil-plaque 
method employing Azotobacter. This method has been extensively 
studied with calcareous soils by Hockensmith et al. (1933). The method 
is not applicable to soils below pH 5.0, since this organism does not 
tolerate excess acidity. In order to develop a biological test which could 
be used on a natural soil and over a wide range of reaction, Mehlich 
et al. (1934) proposed the use of Cunninghamella blakesleeana. This 
organism will not only grow over a wide range of reaction (pH 4 to 9), 
but it also has the advantage that it will utilize various forms of organic 
phosphorus (Mehlich, 1939). In most of the comparisons with methods 
involving plants the Cunninghamella method has compared favorably 
(Reuszer, 1936; Mooers, 1938; Long, 1947). 

III. Correlation of Soil Tests with Plant Growth 

The value of a soil test is determined by the accuracy with which 
that test can be used in the prediction of crop response to fertilization. 
Correlation of soil test and crop response data has not proven an easy 
task. Some of the procedures and data relating to such correlation will 
be discussed in this section, and a limited evaluation of some of the cur¬ 
rent soil tests will be suggested on the basis of available data. Research 
needed to help develop better correlations between soil tests and crop 
response data will be outlined. 

1 . Correlating Soil Test and Crop Response Data 

Crop response to phosphorus fertilization on a given soil may be in¬ 
vestigated in either field or greenhouse experiments. Many workers 
attach greater practical significance to field experiments. Only two treat¬ 
ments are necessary to make a qualitative estimate of crop response 
(Bray, 1948). One treatment should provide the essential nutrients in 
such amounts that there is neither a deficiency nor harmful excess of 
any material. The second treatment is the same except that phosphorus 
is omitted. Control of water, insects, diseases, weeds, tillage, etc., should 
be such as to assure favorable growth conditions. If the yield produced 
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by the first treatment is \ha.S ““ 

second, the crop is said to respond to P -P ^ well as an estimate 

Information as to the degree of cr P - P be applie d, can be 

of the quantity of phosphorus fer i included. Factorial designs, 

obtained if several rates of phosphoru ie( j ma y be preferable 

in which the rates of several is lobe made, 

where an estimate of the quantity o P P ^ ^ ^f ual experimental 

No discussion is needed here in g< replication, and 

techniques as careful selection o uni or properly carried out 

randomization of treatments, all of which when proper y 

help increase the reliability of the resu ts. are con ducted is 

Adequate s.mpUng of .he are. „b- 

important, and the samples should be carefully prep 

oratory studies on soil testing. i rnrrelation of the crop 

will be discussed here. v ipld levels and absolute 

a . Bray’s Percentage Yield Concept. The yield levels ana 

difference, in yield between treatment, m.ywry J«c«» fo] 

fowing Mitscherlich (1930), hat; suggested that^the “ co ™ n > [ 

dealing with a wide range in absolute yield differences can be elim 
inatedby expressing crop response in percentage values. The yield 0 
tahied with the treafment which included no phosphorus is expressed as 
a percentage of the yield on the fully treated plot, 

(No P yield/P yield) X 100 

Thus, the lower the percentage yield value, the greater the response to 

phosphorus.tai^ed ^ the response of tomatoes by Arnold and Schmidt 
(1951) are shown in Figs. 4 and 5. Plotting the no P yields as a per- 
centage of the maximum rather than plotting actual responses gives 
a much better relationship. Bingham (1949) used the same procedure 
in processing some greenhouse data on the response of lettuce to ferti¬ 
lizer additions. Long (1947) has followed the procedure suggested by 
Bray in presenting some soil test-crop response correlations. Unless 
phosphorus fertilizer is used at several rates, however, it is difficult to 
judge how closely the yield of the full treatment approaches the maxi¬ 
mum. 

The data expressed as percentage yields are suitable for presenta¬ 
tion graphically, or they may be studied for their fit to the Mitscherlich 
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Fig. 4. Relationship between available phosphorus in soil and yield increase of 
tomatoes obtained with applications of superphosphate (Arnold and Schmidt, 1951). 



Fig. 5. Relationship between available phosphorus in soil and yield of tomatoes 
on NK plots computed as a percentage of NPK plots (Arnold and Schmidt, 1951). 

growth equation. Mitscherlich’s equation was modified by Bray (1948) 
as follows: 

log (A — y) = log A — cibi 

where A = the LPK yield, y = the LK yield, b x = the phosphorus test 
value on the LK plot, and c x = the proportionality constant. By solving 
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for c» on each field and averaging the values, a mean 

tained for the crop in question. ^ ^ abillty t0 grow 

It is well recognized that crops diffe gr £ B (1948) and 

well a, any given level of W els before preparing 

Long (1947, 1951) both grouped ' ^ C ~f„ op response and 

the graphs and developing the co f^ a . varied considerably 

soil "J results. Bray < 1948) found (,947) found 

among wheat or clovers, corn, and soy .. . e better corre- 

lhat responses of wheal .» phoapho™,ranees, 
lated with the soil test for phosphorus th nd Nelson and 

h,sh potatoes depend heavily on ffb bae, P^horm..dN ^ ^ 
Hawkins (1947) found appreciable response to p P d by the 

soils containing 850 pounds of available P*0 5 as deter 

T T CriSLevel of Available Phosphorus. Several authors have .p. 

the^Mponsive^soUs 6 ^ one C group t andLavrton 

another group (Olson, indRation. 

et al 1947; Hockensmith et al., 1933). It is tne nope anu f 

5 courre that the soil test results for the response soils will a a 

Lon, some critical value and those for the mu-espons.ve so, s will fa 

above this value. Because of experimental error and other causes t 

(s Jdom if ever realised, A perusal of the published data on soil .«« 

correlation shows that medium to high testing soils seldom give a crop 

response, whereas low testing soils may fail to give a crop res o" ^ 

is well illustrated by the data of Hockensmith et of. («**)and Long 

(1947) Data obtained by Ensminger and Larson (1944) and Bingham 

(1949) are shown in Tables V and VI, respectively. The data by Bing- 


TABLE V 

Phosphorus Soluble in Carbon Dioxide-Saturated Water in Relation to Crop 

Response to Phosphate Fertilization* 


Response categories 

.Vo. of samples 

Mean value of 
soluble P>0i, 
pounds per acre 

High 

40 

9.83 

Medium 

45 

11.75 

Low 

41 

19.50 

Nom* 

48 

41.50 

High + medium 

45 

10.93 

Low -f none 

49 

40.68 


• Ensminger and Larson (1944). 
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TABLE VI 

Water-Soluble Phosphorus in Relation to Response of Cropb to Phosphorus in 

108 Field Trials in California" 


POi extracted , 
p.p.m. (solution basis) 

No. of field 
trials 

Per cent of soils 
responding to 
fertilization 

0-0.2 

54 

85 

0.21-0.3 

11 

82 

0.31-0.4 

7 

100 

0.41-0.5 

6 

16 

0.51-1.0 

0 

13 

Over 1.0 

21 

5 


° Rinffhiim (1040). 

ham serve to illustrate that, whereas little response is anticipated above 
a given phosphorus level, 0.4 p.p.m. in this instance, apparent response 
may be obtained at a considerably higher level. Hence, in calibration 
studies the investigators are concerned with probabilities. Smith (1948), 
in thirty field trials, found that most crops on high lime soils in southern 
Idaho do not respond to phosphate when the soil contains more than 25 
pounds of P 2 O s , as determined by the C0 2 method. 

A number of reasons w r hy soils testing low in phosphorus fail to 
respond can be given in addition to the one that the soil test itself might 
not be reliable. Unfavorable growth conditions, such as a deficiency of 
available nitrogen, is an important reason for such discrepancies. For 
example, Long (unpublished data) found no response of corn to phos¬ 
phorus or potassium at the West Tennessee Experiment Station when 
16 pounds of nitrogen per acre w r as applied. When the nitrogen applica¬ 
tion was raised to 48 pounds, a significant response to phosphorus and 
potassium resulted. Lynd et al. (1949) in a rotation experiment on 
Brookston soil found that the nitrogen supply was the important factor 
in governing yields of corn rather than the supply of phosphorus. Olson 
(1946) reported that supplies of sulfur and lime were affecting calibra¬ 
tion of the phosphorus test. 

Another important reason for unsatisfactory correlation of soil test 
results and crop response is the inclusion of data from two or more dis¬ 
tinctly different “populations.” Grouping of data according to important 
differences in soil properties may help to separate unlike populations. 
Burd and Murphy (1939) reported that they could explain many of the 
so-called exceptions in correlation by taking into account such soil 
properties as the buffer capacity, the phosphate absorption capacity, 
and the degree of saturation. Seatz (unpublished data) found that cer- 
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face layer but not res P on ‘* , j l 8 f P a f lab i e phosphate. He suggested 
soils with a medium to high lev , h j k f crop response of 

that the subsoil phosphate level explained the lack 

these low-testing soils. possible when 

Improvements for phosphorus, 

such properties as pH, soil textu , g P method of Egner, 

and type of colloid are considered. In the lactate 

RsehJWo, P">P““ di f»^'i sot Prince « oh 

wrnmmmm 

° r ‘t other mean, ol Identifying the type of colloid present, 

the determination of the ratio of cation exch.ng,t c.pact.y ■«, 
chanee capacity (C/A ratio), as proposed by Mehlich (1948), has 
f f ncpfnl The range of C/A ratios of soils from various sections of 
thHfru” d Z. in Table V, I. This method has been employed 

TABLE VII 

Cation Exchange-Anion Exchange Ratios or Soils prom Various Parts or the 

United States 


Soil type and stale 

C/A ratio 

Soil type and state 

C/A ratio 

Leon fine sand, Fla. 

6.7 

Lufkin silt loam, Tex. 

1.8 

Colby silt loam, Kan. 

4.7 

Putnam silt loam, Mo. 

1 .8 

Holdredge silt loam. Neb. 

8.9 

Sassafras silt loam, N. J. 

1.7 

Harpster clay loam, Iowa 

3.0 

White Store clay loam, N. C. 

1.7 

Brookston silty clay, Ind. 

2.8 

Craven very fine sandy loam. 


Norfolk sand, N. C. 

2.5 

N. C. 

1.6 

Amsterdam silt loain, Mont. 

2.3 

Georgeville clay loam, N. C. 

0.7 

Miami silt loam, Wis. 

1.9 

Cecil loam (Wake Co.), N. C. 

0.7 

Orangeburg fine sandy loam. 


Cecil clay loam (Rutherford Co.) 


Miss. 

1.9 

N. C. 

0.4 

Agawam fine sandy loam. Mass. 

1.8 

Fannin sandy loam, N. C. 

0.4 

Kirkland silty loam, Okla. 

1.8 




in a greenhouse experiment with cotton grown on soils of varying 
C/A ratios. The amounts of phosphorus extracted with the 0.05 N HC1 
plus 0.025 N H 2 S0 4 mixture corresponding to optimum plant growth 
of soils of varying C/A ratios are presented in Fig. 6. The results show 


172 


W. L. NELSON, A. MEHLICH AND ERIC WINTERS 



POUNDS P 2 0 5 /ACRE EXTRACTED 
BY HCI-H^SG^ MIXTURE 

Fio. 6. Relationship between amounts of phosphorus extracted by HC1 and 
HjSO* at optimum growth of cotton on soils of varying C/A ratios. 



Fio. 7. Relationship between pounds of P 2 0® extracted, C/A ratios, and soil ratings 
for phosphorus. 


optimum growth to be at an increasingly higher level of phosphorus 
with increasing C/A ratio. Hence, if the method is to be used success¬ 
fully, different levels for phosphorus sufficiency must be established for 
different soils. An illustration of this relationship is presented in Fig. 7. 
The accuracy of these relationships, particularly with response to dif¬ 
ferent plant species, is yet to be established. 
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»• Eeelnetbn ol Different „„hod. 

It seems safe to assume that practice >' of conditions; 

proposed have seemed satisfactory ^er alirmted ra g ^ 

that is to say, for some certain crop ir f[hose properties affect- 

on soils which have a relatively narrowrar ^ ^ that no ne of the 
ine plant growth. On the other ha , .. , a w iJ e range of soil 

tests has been entirely satisfactory^ ^ t0 evaluate some of the 

and crop conditions. An attempt suitability for certain pur- 

soil-testing procedures as to *®g measure the ability 

poses. The evaluation will be \m *£*«*™response to phosphate 
of the soil-testing procedure to predict crop F 

fertilization. . , , 0 il-testing laboratories which 

a. Extraction Methods. Most o , use one 0 f the chemical 

handle large numbers of samples from can be made rapidly, 

methods. This is because chalmcal ^ e ‘ er ™ volvinE plants or microorgan- 
particularly in contrast to the me chemical methods, when 

good[a^corre^tion^s'possiWe with crop response for the soils in a given 

region. , /.am romnared several soil-testing procedures 

Hockensmith et al. (1933) compared sevc ° f d the 

LTStion 1 extraction procedure. 
„ • j T orcnn (1944) found good correlation with crop re 

phosphorus. On alkaline soils, the use of an Na or K ion exchanger 
shoufd, on theoretical grounds, prove likewise fsurly sac* «sfu 

Anderson and Noble (1937) compared a number of soil-testing p 
cedmes on a group of surface soil samples that ranged from neutral to 
Singly acidTn reaction. For .he majority of the acd er.racnon pro- 
cedurei the correlation among the tetts was reasonably sat»fac,o»y_ 
The alkaline extraction procedure varied considerably from the 
extractants from soil to soil. Even though crop response to phosphate 
was not known, their study suggests that several of these tests would be 
equally satisfactory for predicting crop response to phosphate fertiliza¬ 
tion once they had been calibrated properly for the soils studied. 

Rubins and Dean (1946) compared a group of soil tests on certain 
soils of the Northeast of known crop response to phosphate. There was 
a high correlation among the predictive values of all but two of the 
tests. They suggest that the five tests which correlated well with each 
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other could have been used with equal satisfaction for predicting crop 
response to fertilization on the soils studied. They also point out, how¬ 
ever, that, had they used a group of soils having a greater range in 
properties, the correlation might have been less satisfactory. 

The Soil Test Work Group (1951) called attention to the great di¬ 
versity of soil-testing methods employed throughout the country and 
suggested the desirability of greater uniformity in methods, particularly 
in adjacent areas having similar soil and crop conditions. Apparently, 
the selection of a soil-testing procedure by a laboratory or a state has 
been rather arbitrary in some instances. 

b. Biological Methods. Methods involving plants require a relatively 
long time and special precautions for reliable results. For this reason, 
they are expensive to carry out and are suited only to special research 
programs. Relatively few data are available to compare the methods 
involving plants with other soil-testing procedures under American 
conditions. One of the few studies published is that by Rubins and Dean 
(1946). They found that the Neubauer method was less satisfactory in 
predicting crop response to fertilization on the soils they studied than 
were several of the chemical methods. 

A nation-wide group of uniform phosphorus experiments was set up 
in 1951 cooperatively by several of the state experiment stations and 
the United States Department of Agriculture. Samples from the test 
areas (75 samples) were sent to Beltsville for determination of the A 
value of Fried and Dean (1952) in the greenhouse and for laboratory 
determinations of available phosphorus by several testing methods. The 
results of these experiments have been recently summarized. The pre¬ 
liminary report indicated rather good correlation between A values and 
certain of the chemical soil tests. Methods specifically designed to 
measure phosphorus gave higher correlation with A values than did the 
methods in which several nutrients were determined in the same ex¬ 
tract. The reliability of certain methods was related to the type of col¬ 
loid as measured by C/A ratio. This work is planned for continuation. 
Even though determination of the A value is essentially a research 
technique and is not adapted to routine soil testing, it promises to be 
of great help in providing a better measure and more complete under¬ 
standing of the availability of phosphorus in the soil. McAuliffe et al. 
(1951), in a residual phosphorus study using radiophosphorus, found 
an inverse relation between the percentage of phosphorus in oats de¬ 
rived from the fertilizer and the values for available phosphorus ob¬ 
tained by soil tests. 

Microbiological procedures are intermediate between the chemical 
methods and those utilizing higher plants as to the time and work in- 
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volved. In general, the ^^^^"^ri^teneral use in soil-testing 

e — Uy a method for spe h c " was 
Sea HX d smith etal. (1933) foun j 

less satisfactory than the P ot ^ Colorado . Long (1947) foundtha 
crop response on calcareous soils h micro biological soil test 

here was little or no difference bemeen the dicting crop re- 

Tu^n,.,la) .nd 4. <5 S T' 

sponse to phosphorus on the ba £ off in Tennessee suggests tha 

unpublished work of Burg and , t may be variable com- 

“e P of ,h, difficulties of the “ “ "to soil One way >» 

petition with other "microbiologk weeds 

eliminate the undesirable effect ofJ inoculatio n with the testing 

would be sterilization of the, S ®™P blishe d) obtained more satisfac- 

organism. Burg and Sher a o beUer corre i a tion with field results 

tory growth of the test organism an sterilization. In a compan- 

when samples were subjecte to pre imi Mitscherlich (1936), 

i - *• “ 

and lactate methods (Table VIII). 

table VIII 

XT Taptate and Cunning.! amella Methods 

Comparison op Mixscheruc, _. 


No. of soil test values falling in 
same group according to: 




according 

High response 
Moderate response 
Slight response 
No response 


26 

38 

39 
19 


18 

28 

32 

15 


17 

26 

37 

15 


17 

29 

36 

15 


• MitAcherlich (1936). 

3. Future Work in Evaluation Needed 

Apparently, nearly all workers who have published on the general 
problem of soil tests for available phosphorus agree as to the impor¬ 
tance of correlation with crop response data (Morgan, 1941, Jenny 
et d. 1950; Bray, 1948; and Merkle, 1940). Nevertheless, much of the 
work’that has been published on the correlation of soil test data and 
crop response seems to have been derived from experiments which 
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were set up for other purposes (Bray, 1944; Long, 1947; Hockensmith 
et al, 9 1933), rather than from experiments designed especially for the 
study of such correlations. 

It would be desirable that, in the future, experiments be specifically 
designed and initiated to determine the correlation between soil test 
and crop response. Some standardization of soil-testing procedures from 
state to state, as suggested by the Soil Test Work Group (1951), should 
expedite correlation studies by permitting a regional or subregional ap¬ 
proach to the problem. This would be in contrast to the present situa¬ 
tion, where nearly every state is using a different soil-testing procedure 
and attempting to make its own correlations. 

Attention should be given also to the phosphate availability and 
supply in the subsoil. Frequently, the vegetative response of a crop to 
phosphorus in the early season fails to be registered in terms of final 
yield differences (Stanford and Nelson, 1949; Nelson et al. y 1949). 
This has been due to dilution effects, in that, with progressing develop¬ 
ment, a larger proportion of roots draw more from the unfertilized areas 
of the soil. Unpublished data by N. S. Hall et cd. show that, when P 32 
was uniformly distributed throughout the soil, tobacco removed 20 per 
cent of the P 32 from the surface and 80 per cent from the soil below 8 
inches. Cotton, on the other hand, removed 60 to 70 per cent of the P 32 
from the surface zone and only 30 to 40 per cent from the lower depths. 

The release of available phosphorus during the season by organic 
matter decomposition is another factor which may lead to unsatisfac¬ 
tory correlation with soil test data. Several states are giving attention 
to this problem, but no entirely satisfactory solution is in immediate 
sight. The problem becomes especially important when calibrations are 
attempted with soils showing considerable range in total and readily 
decomposable organic matter. For soils which are relatively uni orm 
in their organic content and composition, this factor apparently is of less 
importance. Again, organic matter relationships can often be predicted 

on the basis of soil series or soil region. , . , t „ 

The application of rock phosphate to soils leads to rather high test 

results with those methods which call for moderately to strongly acid 
extractants, even though certain crops, such as wheat and tobacco may 
give good response to phosphate fertilization ^ soils^n Illinois 
Bray (1944) developed a 0.025 N HC1 + 0.03 N NH.F mixture which 
dissolves only small portions of the rock phosphate. A similar problem 
appears to exist on certain soils which have a naturally high phosphate 
content, such as is the case in the Bluegrass area of Tennessee and 
Kentucky. The moderately to strongly acid extractants, when used on 
such soils, usually give fictitiously high phosphate estimates that are 



-nils as well as in tnose areas ~ 
used or is coining into more general usage. 

IV. Use of Soil Tests 

virtually all states had a soil-testing sem . 0 J States. Phos- 

sample'™ ".ports*! » <* ™,Z“Sl.«inglaboratories. In «ddi- 

ts h r- w r *~m p- 

grams in Europe for many years. rp i a H ve l v large num- 

81 Soil testing on a •"*£?£%£££ be used in 

bers of samples. It is import handled rapidly 

such instances in order that thejdi»erf ^ as a *4 

yet accurately. Drawings of certai Q r § 0 j] j est Work 

SS, Hester (1948), and Worntley (1951). Many laboratory are 

"t'sntSmt ^^"“by yolume ™tb a scoop 
into flasks assembled in extraction racks holding 12 flasks. The desire 
quantity of extraction solution can be added at one time to all flasks in 
the rack from specially built dispensers and then 36 sal "pleybaken a 
one time Filtering of 12 samples at a time is accomplished. The use 
of a reagent which is so made up that only one addition is necessary to 
develop the color for the phosphorus determination, and which can 
added by electrically powered automatic pipettes dispensing 1 to 3 ml. 
with each stroke, speeds up the analyses considerably. The automate 
balancing type of photometer to determine color intensity is most rapid. 
Single determinations are made on each sample, but one check samp e 

is included in each set of 12, for control. 

The use of such a scheme as described above permits analyzing 
large numbers of samples accurately but relatively economically. This 
means that many growers can take advantage of the information ob¬ 
tained from analyses for phosphorus on their fields. 
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1. Reporting Results—Actual Values versus Symbols 

Some laboratories report the results of soil tests for phosphorus in 
terms of pounds of PA per acre or parts per million of P. Other labora¬ 
tories report in terms of rating symbols such as VL (very low), M 
(medium), H (high), and VH (very high). In general, the significance 
of these symbols has not been agreed upon among states. 

There are advantages for each type of procedure. Reporting in terms 
of actual amounts has some advantage over the use of symbols because 



Fig. 8. Response of com, soybeans, and potatoes to phosphorus (Kranta et al 
1949). 


crops vary in their requirements. A soil which is medium in phos¬ 
phorus for one crop might not be medium for another crop ^cause 0 
differences in extent of root system, rapidity of growth, and other char¬ 
acteristics of growth. Several examples might be cited_ 

In an experiment on a Bladen silt loam contaming 70 pounds of P,0, 
ner acre (Truog), Krantz et al. (1949) found that corn and soybeans 
responded little to an application of 100 pounds of P 2 0, whereas the 
3 of Irish potatoes was more than doubled (Fig. 8). This soil would 
have been classified as M. On another Bladen nit.tan 
in phosphorus, corn and soybeans did not resp 

Irish potatoes did. In an experiment reported by Krantz et al. (19 ), 

cotton and corn were grown on a soil containing 58 pounds ofF PA per 
acre (M) Corn gave no yield response to 50 pounds of PA in 

trtli ”! but A cotton cm ™ P« -*• 
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The system of rating symbols h perhaps detailed enough 

first place, five ranges of phosphorus level The effects of 

in evaluating the phosphorus needs of h f season, and other 
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growth factors are such that hotometer rea din g s or values for 
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Tr acre connotes in terms of the phosphorus needs on his soil. In add. 
SonTe needs of his soil in terms of pounds of PA per acre cannot be 
determined by looking at the pounds of P per acre in the soil and simp y 
adding the given amount to bring the soil up to optimum phosphorus 
fertility. An interpretation of the results is needed. 

2. Phosphorus Fertilization Recommendations Based on Soil Tests 

The general recommendations of the Experiment Station and the 
Extension Service are of necessity based on average conditions. Through 
the use of soil tests the amounts of phosphorus recommended are ad¬ 
justed up or down depending on the results of the analysis. In attempt- 
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ing to make these adjustments it is essential that the soil test results be 
calibrated against results obtained in fertility experiments conducted 
on soils of varying phosphorus level. 

The farmer usually wants to know two things about his soil: (^a) 
how much it will respond to fertilizer, phosphorus in this instance, and 
(b) how much fertilizer will be required to produce this response. Soil 
test results are generally used to recommend phosphorus to help answer 
(b). Bray (1948), in studies of Illinois soils, however, predicts the per¬ 
centage yields on soils by determining the available phosphorus and 
potassium in the soils. Attoe and Truog (1949) developed an equation 
through which the yields of alfalfa and clover hay could be predicted as 
follows: 

Tons hay per acre = a log lb. available P + b log lb. exchangeable K -|- c 

The values of a , b and c were found to vary with weather conditions 
and type of soil. It is recognized, however, that poor crop yields are not 
always due to nutrient deficiencies. Variety, cultural practices, seasonal 
conditions, insects, and diseases all enter the picture. 

3. Recommendations on Soils Low in Phosphorus 

There are two general types of approach when a soil is low in phos¬ 
phorus. One approach is to apply considerably more than maintenance 
amounts for a few years and then to retest the soil to determine if the 
treatment has brought the supply of phosphorus to an adequate level. If 
the supply of phosphorus is satisfactory, maintenance amounts can be 
added to take care of crop removal, fixation, and losses by erosion and 
leaching. 

The other approach is to add small amounts of fertilizer and give 
careful attention to placement. This refers to the time of application in 
the rotation and to the placement in the soil with respect to the plant 
roots. This approach demands well-calibrated tests, and even then there 
is more opportunity for error through recommending inadequate 

amounts. 

Bray (1944) and Bray and Melsted (1948) are applying the former 
approach to Illinois soils. They emphasize that soil tests help to measure 
the balance between all the additions and all the losses. They stress the 
need for continued soil tests at six- to eight-year intervals in order to use 
added fertilizer efficiently. This method is, of course, much easier to 
follow when the farmer’s economic condition is good, as then he is more 
readily convinced of the importance of building the fertility of his soil. 
When the farmer’s economic condition is poor, he may want to revert to 
the “hand-to-mouth” procedure. Bray (1944) recognizes this in his 
minimum and maximum recommendations. 
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dre pS'Dhorus materials permit considerable flexibility and, in the 
above instance, soils very low in phosphorus might bc supp omented 
with phosphorus materials. For Lad, no-grass pastures Colhns (1952) 
emphasizes the need for superphosphate in add,t,on to 2-12-12 when 
the soils are low in phosphorus. 


4. Information through Summaries 

It is recognized that the primary purpose of soil tests is to give the 
individual farmer dependable information as to the fertility status of 
each of his fields. However, a summary of soil-testing data on a state, 
on a county, or on a type-of-farming or soil association basis shows 
general fertility levels. This is of value to educational agencies and 
to lime, fertilizer, and related industries in promoting their respective 

programs. 

Several such summaries of soil test data have been made, but most 
of these summaries were only in mimeographed form and little attempt 
was made to make a thorough interpretation of the information. Three 
such summaries have been made of North Carolina soil test data since 
1945 (Miles, 1946; Parker et al 1951; Welch and Nelson, 1951; Nelson 
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and Welch, 1952) and two of Tennessee data (Parker et al ., 1951; and 
Bishop, 1951). 

The data from North Carolina by Welch and Nelson (1951) show 
that the extractable soil phosphorus level varies greatly among counties 
and that the counties having the highest phosphorus levels are in the 
Coastal Plain (Fig. 9). A comparison of fertilizer usage and phos¬ 
phorus level reveals the close relationship between fertilizer usage 
and phosphorus level in the soil. The fertilizer usage and phosphorus 
levels can be generally related to the distribution of the acreage of 
tobacco and cotton. 



Fio. 9. Available phosphorus in soil of North Carolina counties (Welch and 
Nelson, 1951). 


In Table IX the soil tests for phosphorus are summarized with re¬ 
spect to the crop to be grown. This tabular information is quite valuable 
in a number of respects. Mehring and Parks (1949) point out that 
North Carolina farmers applied over five times as much phosphorus as 
was contained in harvested crops. The data in Table K emphasizes 
the need for redistribution of the fertilizer phosphorus in North Caro- 

lma A summary of Tennessee soil test data by Parker et al. (1951) 
showed that the phosphorus level in the soil was related to soil associa¬ 
tions. This was particularly striking in Central Tennessee. 

a Special Uses of Soil Test Summaries. The local agricultural 
leaders can utilize summaries to point out specific fertility problems on 
the crops in his county. The data help to establish the general need for 

special fertilizer treatments. 
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table IX 

T Aft Related to Crop to be Grown- 

Phosphorus Level as relate_**__ 


Crop to be grown 

Tobacco (flue-cured) 
Tobacco (Burley) 

Cotton 
Corn 
Peanuts 
Soybeans 
Ladino-grass 
Other pastures 
Alfalfa 

Irish potatoes 
Sweet potatoes 
Other truck crops 


No. of 
samples 
tested Very low 


Medium 


Very high 


11,868 

219 

3 

24 

8 

21 

7 

20 

18 

12 

2,165 

8 

12 

9 

17 

7,351 

18 

22 

11 

16 

1,660 

1 

7 

11 

22 

443 

8 

21 

19 

19 

4,274 

32 

32 

12 

12 

648 

45 

31 

8 

8 

1,693 

33 

33 

11 

11 

291 

6 

7 

3 

14 

83 

5 

12 

10 

14 

805 

5 

13 

9 

15 


64 

23 

54 

33 

59 

33 

12 

8 

12 

70 

59 

58 


Soil test summaries are useful to industrial agronomists in that they 
help in predicting the fertilizer analyses (or grades) which wiUbemost 
frequently required and recommended in general areas. This will m 

for more efficient use of phosphorus. 

Experiment Station workers should be interested m such summaries 

because they help to indicate where soil fertility efforts should be con¬ 
centrated. Soil test summaries are useful to the station workers in estab¬ 
lishing new grades. An example of this in North Carolina was the 
adding of 4-8-10 to the grade list as a general substitute for 3-9-6, the 
old established tobacco fertilizer. 
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Zer effective sources of phosphate fertilizer become available. Al¬ 
though the present outlook for supplies of sulfur is considerably im¬ 
proved there are good indications now that methods of dissolving phos¬ 
phate rock other than the use of sulfuric acid will gain importance in 

the years immediately ahead. 

1. Scope 

In spite of the vast amount of laboratory, greenhouse, and field test¬ 
ing of phosphorus carriers which has been conducted over a period o 
years, no attempt has been made to review the data and draw conclu¬ 
sions for a wide range of soils and crops. This report attempts to cover 
a sufficient number of investigations to get a cross section of the results 
obtained in the United States. Although some of the European work is 
cited, no claim is made of adequate coverage of the fertilizer evaluation 
research in other countries. 
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The major part of this report will be devoted to a comparison of 
those phosphorus carriers which are used commercially as fertilizers 
today or appear promising for the future. Mention will be made, how¬ 
ever, of other chemical forms of phosphorus which currently are not in 
use as fertilizers and probably will never become commercial sources. 
Some of these compounds are present as constituents of commercial 
products; others are of academic interest only. 

Primary emphasis in the evaluation of the various sources will be 
given to results of field tests in which crop yields were measured. Data 
from greenhouse or pot cultures will be cited, however, when field data 
are either unavailable or inadequate. 

2. Factors Affecting Availability of Different Forms 

Some of the generally recognized factors which determine the ap¬ 
parent relative efficiency of a particular phosphorus fertilizer are soil 
reaction, degree of soil phosphorus deficiency, rate of application, 
method of application, needs of the specific crop, and certain pedological 
differences. Properties of an individual carrier may affect its relative 
efficiency as a source of phosphorus, such as particle size, fluorine con¬ 
tent, and possible toxic constituents. Obviously the relative importance 
of these and other factors varies greatly with the different carriers. For 
this reason a discussion of the more important factors will be developed 
in connection with the presentation of experimental results on the 
individual fertilizers. 

II. Comparison of Phosphate Carriers Based on Crop Yields 

1. Superphosphate 

In 1843 Sir John Lawes of Rothamsted discovered that a more avail¬ 
able source of phosphorus could be produced by treating rock phosphate 
with sulfuric acid. The production of superphosphate based on the 
process developed by Lawes was really the beginning of the phosphate 

industry. 

For about one hundred years following the discovery of the process, 
ordinary superphosphate, sometimes called “acid phosphate,” contain- 
ing 16 to 20 per cent P 2 0 5 , constituted the major source of fertilizer 
phosphorus throughout the world and proved to be an efficient, easily 
manufactured material with few problems associated with its storage 
and application. Over the years agronomists have consistently placed 
superphosphate at the top of the list of phosphorus carriers with regard 
to plant response, and it has held this position for a wide range of soil, 
climatic, and crop management conditions. It was to be expected then 
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more effective when finely ground and mixed with the soil rather than 
banded By the same token, if there is any beneficial effect of granula 
tion on the efficiency of phosphorus fertilizers it would be expected 
be most apparent in the case of soluble materials. The actual existence 
of such an effect, under normal fertilization practices however, has 
vet to be conclusively shown. Experiments that have been conducted 
in the United States by Vomocil, Lawton, and Cook (1951, persona 
communication), Sayre (1936), Mehring Ft al. (1935), Skinner et al. 
(1941), Salter (1936), Grantham and Houghland (1937), Davis 
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(1937), and Hardesty and Clark (1951); in England by Russell and 
Gamer (1941); in Scotland by Williams and Reith (1948); in France 
by Larsen (1951) and Garola (1951); in Sweden by Franck (1948) and 
Nordengren (1948); in Finland by Honkavaara (1951); and in the 
Soviet Union by Berezova and Fodeeva (1950), Vishinsky (1950), 
Lyzin (1951), and Vlasiuk (1950) show in general that the granulated 
materials are at least as good as the powdered form of superphosphate. 
This is true in spite of the fact that there has been no general agreement 
upon the particle size distribution of a fertilizer to be called granular. 
Hardesty and Clark (1951) stated that so-called granular fertilizers usu¬ 
ally would “pass a No. 5 U. S. series sieve (4 mm openings) and be re¬ 
tained on a No. 18 sieve (1 mm opening).” The experiments referred to 
above dealt in many instances with entirely different particle size 
ranges, different soil and climatic conditions, and widely different rates 
of application. This would result in considerable variation in the results 
obtained. There are several exceptions to the statement that granulation 
has not been found to have any marked effect on the effectiveness of 
superphosphate. These are the results from Sweden, reported by Franck 
(1948) and Nordengren (1948), and from the Soviet Union, as re¬ 
cently reported by a number of Russian workers. During the last 
three years at least eighteen papers have appeared in the Russian litera¬ 
ture dealing with the effectiveness of granulated superphosphate. The 
four references cited, Berezova and Fodeeva (1950), Vishinsky (1950), 
Lyzin (1951), Vlasiuk (1950), are typical of these reports, which claim 
a definite advantage for granulation in nearly every instance. In most 
cases the importance of including some organic material with the 
granulated superphosphate is stressed. 

The results of recent field tests conducted by a number of state agri¬ 
cultural experiment stations in cooperation with the Tennessee Valley 
Authority testing nitric phosphates of different particle size ranges have 
been reported by Rogers (1951). These results indicate that the 12- to 
50-mesh (U. S. series) range is about optimum for these materials. 
(See Section II.8.b.) 

Very recently the tagged atom technique has been used in an at¬ 
tempt to measure the effect of the granule size of superphosphate on the 
uptake of phosphorus by plants. Some of the limitations of absorption 
data are discussed in Section III. Starostka (1951, personal communica¬ 
tion), using wheat grown in the greenhouse, found a difference in the 
percentage of the plant phosphorus derived from the fertilizer as the 
granule size was varied. With superphosphate the granule ranges (mesh 
sizes) were rated as follows in decreasing order of efficiency: (1) 14 to 
20; (2) 8 to 10; (3) 28 to 35; (4) 4 to 6; (5) 35. An intermediate 
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2. Raw Phosphates (Ground Rock and Colloidal) 

Before the discovery of rock phosphate deposits, bones were the only 
known commercial source of phosphorus Since bones cuppbedl only» 
fraction of the needs, the discovery of phosphate deposits was of great 
interest to agricultural workers. Early work, however, showed that 
rock phosphate was not so good a source of phosphorus as bone meal. 

Most of the rock phosphate mined is used in the production of super¬ 
phosphate. Some raw phosphate, however, is used for direct application 
to the soil. The consumption of raw phosphates for direct application 
in the United States is given by regions in Table I. Most of the tonnage 
shown for the North Central region is used in Illinois. According to 
figures presented by Mehring (1948), the consumption of rock phos- 
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phate for direct application in the East North Central and West North 
Central States amounted to less than 55,000 tons in 1940. The figures in 
Table I show that the total consumption of the two areas amounted to 
906,063 tons for the year ending June 30, 1951. For the United States as 
a whole, approximately 16 per cent of the P 2 0 5 equivalent applied to 
soils was in the form of rock phosphate. 


TABLE 1 

Regional Consumption of Raw Phosphates in the United States for 
Direct Application to the Soil, 1951° 


Region 

Tony 

Region 

Tons 

New England 

927 

East South Central 

33,574 

Middle Atlantic 

5,919 

West South Central 

78,323 

South Atlantic 

11,123 

Mountain 

801 

East North Central 6 

680,244 

Pacific 

1,261 

West North Central 6 

225,819 

Territories 

1,633 

Total 1,039,644 


* Data from Scholl and Wallace (1952). 

* Mehring (1948; reported that the total consumption in the North Central regions in 1940 was less than 
55,000 tons. 


Two types of raw phosphates are on the market at the present time: 

Rock phosphate sold for direct application is the naturally occurring 
rock, which has been processed only to the extent of being finely ground. 
The principal constituent of most phosphate rock is fluorapatite. The 
fluorine content ranges from a trace to 3 to 4 per cent, with most sam¬ 
ples showing more than 3 per cent. A good grade of rock phosphate will 
contain about 32 per cent total P 2 0 5 , with only a trace of the phosphorus 
water-soluble. 

Colloidal phosphate is the trade name applied to low-grade rock 
phosphate or phosphatic clay which is a byproduct of the phosphate 
mining industry. In the hydraulic operation of mining rock phosphate, 
the clay containing some phosphate is washed into ponds and settles out. 
This material contains 18 to 23 per cent total P 2 0 5 . In all probability 
the phosphorus compounds in rock phosphate and colloidal phosphate 
are alike. Colloidal phosphate may be considered rock phosphate diluted 
with colloidal clay material. The material has been offered for sale 
under such names as Calphos, Vitaloid, Lonfosco, Min-Coll, Phosphate 
Colloids, Phos-Caloids, Waste Pond Phosphate, and perhaps others. 

a. Factors Affecting the Availability of Raw Phosphates. The raw 
phosphates are water-insoluble and only slightly soluble in ammonium 
citrate (see Chapter X). Experience has shown that the response of 
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ability of rock phosphate. Numerous experiments have shown that rock 
phosphate is of little or no value when applied to calcareous soils of the 
West DeTurk (1942) states that free calcium carbonate maj retar 
the intake of phosphorus from rock phosphate by plants which are not 
“strong feeders” on such form of phosphorus. He does not recommend, 
however, that lime be omitted where rock phosphate is used. Legumes 
that are “strong feeders” on rock phosphate need lime, and as a result 
the advantages of using limestone along with rock phosphate in a 



196 HOWARD T. ROGERS, R. W. PEARSON, AND L. E. ENSMINGER 

legume rotation may exceed any early reduction in the yields of non¬ 
legumes. It is evident that only enough lime should be added to satisfy 
the needs of the legume to be grown. 

(4) Feeding power of plants. The ability of various plants to utilize 
the phosphorus in rock phosphate is an important consideration in the 
interpretation of results. Merrill (1891), Truog (1916), Bauer (1921), 
Bartholomew (1928), DeTurk (1942), Odland and Cox (1942), and 
Brown and Jacob (1944) have shown that plant species differ in this 
respect. Results by Dickman and DeTurk (1940) show that com plants 
made less growth and contained less phosphorus when grown in sand 
cultures containing 12 to 100 per cent rock phosphate than when grown 
in a sand culture which received a nutrient solution containing 20 
p.p.m. of phosphorus. In general, it can be said that most of the cereals 
are poor feeders, whereas buckwheat and some legumes such as sweet 
clover, alfalfa, and red clover are strong feeders. It is fairly certain that 
satisfactory results from rock phosphate will not be obtained unless 
crops that are strong feeders are used in the rotation. These legumes 
may be counted on to increase the value of rock phosphate for other 
crops in the rotation. Brown and Jacob (1944) concluded from green¬ 
house and field tests that raw phosphates can be used to better ad¬ 
vantage for long-season and perennial crops than for short-season crops. 

(5) Organic matter. It has often been suggested that decomposing 
organic matter exerts a solvent action on raw phosphates and as a re¬ 
sult increases its availability. Truog (1912) studied the effect of fer¬ 
menting cow manure and grass vegetation on the solubility of rock 
phosphate. He found only a slight solvent action, which was always 
within the limit of experimental error. Bauer (1921) studied the effects 
of fermenting crop residues such as sweet clover, alfalfa, and buckwheat 
on the availability of rock phosphate, but the results failed to prove any 
solvent action. He found that in some cases organic matter and rock 
phosphate in pot cultures produced increases in the growth of com 
larger than the sum of the increases obtained when each was applied 
separately. He concluded that the organic matter either had a solvent 
action on rock phosphate or that the phosphorus supplied by the organic 
matter gave the seedlings a better start so that they could utilize the 
phosphorus in rock phosphate to better advantage. Bray (1937) believes 

• that the beneficial effect of adding organic matter with rock phosphate 
comes from the extra phosphorus added in the organic matter rather 
than from a solvent action on the rock phosphate. It should be pointed 
out, however, that strong feeders such as sweet clover can be used as 
green manure crops for the purposes of mobilizing the phosphorus in 
rock phosphate for use by crops that are not strong feeders. 
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(6) Rate of application and ^^r^nyothcf source of phos- 
tennining the value of rock Phosphate, Y^ ^ ^ rates of ap . 

phorus, the phosphorus level of ting the results. Of course 

plication are important factors 1 J* f oils that give httle or no 

sources of phosphorus cannot be evaluate where rock phos- 

Ihey have both 

phate and superphosphate have bee ^ ecQnomical retur ns. This 
applied at rates higher than need his sumxna ry of the field 

pobit was recognized by States . He concluded that super¬ 
data on rock phosphate in the . ye as wel i as more economical 

phosphate proved to be a more g where freig ht rates are a 

source of phosphorus than roc p materials pj e a j s0 stated: “Where 
relatively large part of the cost o u foun d that one or both of 

a different outcome has resulted is Y g quan tity as to fur- 

the phosphate carriers have been use ^ were a ble to utilize, thus 

25S7 Oftlm ^ S 

compared with supei^hosphate when 
applied at two to four times the ra *f 0 * * . , Different Regions 

W H Jordan of the Pennsylvania Agriculture Experiment Station^ 
1883. In 1916 a more comprehensive experiment comparing rock: v. t 
superphosphate was initiated at State College, Pennsylvania, on a Hagers¬ 
town silt loam. Some of the data from this experiment, as reported by 
Noll and Irvin (1942), are presented in Fig. 1, covering the perio 
1922-1941. The data in Fig. 1 are from plots which had received ap¬ 
proximately one-half ton of lime per acre per 4-year rotation. When 
the phosphates were applied with sodium nitrate and muriate of potash, 
48 pounds of P 2 0 5 from superphosphate produced as much wheat as 
144 pounds of P,0 5 from rock phosphate. Where manure was applied 
along with the phosphates, 24 pounds of P 2 0 5 from superphosphate gave 
slightly higher yields of wheat than the lowest rate of rock phosphate. 
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which was 96 pounds of P 2 0 5 . It is interesting to note that the crop re¬ 
sponse to either source was greater when it was applied with other com¬ 
mercial fertilizer than when applied with manure. The manure itself 
supplied much of the needed phosphorus. 

Lyon (1933) conducted a field test in New York on Dunkirk silty 
clay loam in which superphosphate, applied at one-fourth the rate of 
P 2 0 6 , produced as much crop increase as rock phosphate. 

In a Rhode Island experiment started in 1894, rock and superphos¬ 
phate were applied on an equal cost basis for the first 5 years. Then for 



Fig. 1. Comparison of rock phosphate and superphosphate on wheat at various 
rates of application on Hagerstown silt loam in Pennsylvania. 

the next 4 years the rate was modified so that at the end of this period 
all plots had received the same amount of P 2 0 5 . For the next 11 years 
it was carried as a residual study. In 1914 phosphates were again ap¬ 
plied so that they could be compared on an equal P 2 0 5 or an equal cost 
basis. On an equal cost basis the P 2 0 5 from rock phosphate was 2.25 
times the P 2 0 5 from superphosphate. Starting in 1931 more finely 
ground rock phosphate was used and on an equal cost basis only 1.5 
times as much P 2 0 5 from rock phosphate as from superphosphate was 
used. The results from 1926 to 1939 were reported by Odland and Cox 
(1942). On limed plots, rock phosphate was less effective than super¬ 
phosphate for the production of potatoes or com when compared on 
either an equal P 2 0 R or an equal cost basis, Also, such crops as barley, 
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superphosphate. d as the test crop for waluating e 

In Maine, potatoes have been conducte d tests m 1931, 1932, 

raw phosphates. Brown et ^ ^44) and superphosphate for 

1937, and 1938 comparing colloidal p P loam . The phosphates 

the production of potatoes grown , p q per acre . Superphosphate 

were applied at the rate of l60 f P° 4 ^ h ° els whereas colloidal phosphate 
increased yields an average of 74 bushei, Brow n and Hawkins 

gave yields only slightly better tiian p brown -rock phos- 

(1944) compared col | oldal P ^ P d ’ uct i 0 n of potatoes at three loca- 
phate, and superphosphate or P shows superphosphate 

tions. The average for the three loC col i oid al phosphate increased 

5 STg CSS. -r—'—1 phosphate P^ced „o 

increase. . c T u e Kentucky Experiment Sta- 

(2) Experiments in the Southeast lh y phosphate on 

«o„ has tested the value •< , he tatfi tests were 

limed and onlimed land ht ‘J e phosphate was applied 

was applied at 800 pounds-EKhsomcewasappied one _h,l|. 

two rounds of the rotation. After 1930 the rates we A 

^mmtfof the r^luLmAe Berea, Granville, Mayfield, Farnston, 
$ and Campbellsville fields is given in Table II. The data show that on 



Crop 


Yield 
increases 
from super¬ 
phosphate 


Unlimed 


Limed 


Super¬ 

phosphate 


Rod ; 

phosphate 


Super¬ 

phosphate 


Rock 

phosphate 


Corn 

Wheat 

First-year hay 
Second-year hay 


14.6 bu. 
7.5 bu. 
1309 lb. 
1208 lb. 


100 

100 

100 

100 


138 

124 

156 

159 


148 

173 

209 

178 


140 

143 

209 

218 


• Data supplied by Wade, (195*. unpubli.hed con.munic.liou). Rock pho,ph»te .pplied »t four time, the 
rate of PiOt as «uperpboaphate. 
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unlimed land rock phosphate was more effective than superphosphate 
when applied at four times the rate of P 2 0 5 . On limed land superphos¬ 
phate was slightly better for corn and considerably better for wheat 
than rock phosphate. For first-year hay the two sources were about 
equal, but for second-year hay rock phosphate gave higher yields than 
superphosphate. In 1930 certain plots were divided in order to study 
residual effects of phosphates. The results presented in Table III con- 


TABLE III 

Residual Value of Superphosphate and Rock Phosphate in Tests Conducted at 

Three Locations in Kentucky® 



Yield 


Relative increases 



increases 
from super¬ 
phosphate 

Superphosphate 

Rock phosphate 

Crop 

Continuous 

Residual 

Continuous 

Residual 

Corn 

41.6 bu. 

100 

85 

111 

107 

Wheat 

12 . S bu. 

100 

59 

97 

84 

First-year hay 

2391 lb. 

100 

73 

112 

108 

Second-year hay 

1611 lb. 100 

Last four crops 

82 

118 

113 

Corn 

24.7 bu. 

100 

78 

117 

102 

Wheat 

11.2 bu. 

100 

51 

96 

84 

First-year hay 

2373 lb. 

100 

66 

111 

100 

Second-year hay 

1488 lb. 

100 

67 

124 

110 


• DaU supplied by Weeks (1952, unpublished communication). Rock phosphate applied at four times the 
rate of P*0» as superphosphate. 


tain data from limed and unlimed plots at Berea and from limed plots 
at Greenville and Mayfield. The data show that the yields of all crops 
decreased when superphosphate was omitted. The small drop in yields 
when rock phosphate was omitted is a reflection of the larger amount of 
P 2 0 5 added in past years by rock phosphate. The results for the last 4 
years of the residual period show a relatively greater decrease in yields 
when superphosphate was omitted than when rock phosphate was 
omitted (Weeks and Miller, 1948). 

In a lime and fertilizer experiment conducted from 1927 to 1944 
(Kentucky Agricultural Experiment Station, 1950), superphosphate 
was compared with rock phosphate on limed and unlimed land on the 
Western Kentucky Substation. Superphosphate was applied at 60 
pounds of P 2 0 5 per acre and rock phosphate was applied at 120 pounds. 
On unlimed land, rock phosphate produced 6.4 bushels more corn, the 
same amount of wheat, and 723 pounds more hay than superphosphate. 
On limed land (1 ton at beginning and 1 ton every 3 years), super- 
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phosphate produced 7 7 J^ock‘phosphate. All plots received 
and 252 pounds more hay than roc except whea t grain. On 

manure equal to the weight of crop ^ ^ and superph osphate was 

^more'eronomica^treatoient Sa «* *■**«• either with or 

out lime. , Western Kentucky Substation from 

jtzsz sksss » d ~ ek 

,■ ^500 


70, | —| ROCK PHOSPHATE 

y/Z/fy SUPERPHOSPHATE 

60 

50- 

40 - 


CORN 
9 CROPS 



V 3000 2 


o 

in 


L 2500 -n 


L 2000 


500 


304 


1000 


l 500 


6 V 

F,o. 2. Rock phosphate versus superphosphate in a 3-year rotation in Kentucky. 


phosphate were compared. One ton of lime was applied at the beginmng 
rf a 3-year rotation of corn, wheat, and clover-grass hay and onMhird 
ton per round of rotation thereafter. The results are presented in Fig. 2. 
The data show that 50 pounds of P,0 5 from concentrated superphos¬ 
phate produced about the same amount of corn and hay as 100 pounds 
of Pj0 5 from rock phosphate and almost twice as much wheat. Super¬ 
phosphate applied at 100 pounds of P 2 0 5 per acre produced more of all 
crops grown than 200 pounds of P 2 0 5 from rock phosphate. 

Mooers (1929) summarized the results of a 3-year rotation for a 
10-year period of an experiment conducted at Crossville, Tennessee, in 
which superphosphate and rock phosphate were compared at several 
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rates. The soil was a friable loam of the DeKalb series and was deficient 
in lime and phosphate. Mooers calculated the most economical rate of 
each phosphate for the various crops. He then calculated the values of 
the yield increases after deducting the cost of phosphate when used at 
the most economical rate. These data are presented in Table IV. An 

TABLE IV 

The Calculated Values of the Crop Increases after Deduction of the Cost of the 
Puospi! ate When Used at the Most Profitable Rate in Tennessee 0 

Kind of phosphate 


Superphosphate Rock phosphate 


Crop 

Unlimed 

Limed 

Unlimed 

Limed 

Corn 

$ 8.70 

$14.00 

$11.50 

$10.80 

Potatoes 

36.90 

29.50 

30.90 

14.80 

Oats 

5.88 

5.10 

2.82 

-2.04 

Hay 

5.80 

10.40 

3.20 

1.40 

Total 

$57.28 

$59.00 

$48.42 

$24 96 


- Taken from Mooers (1929). In this study superphosphate was valued at about 6 cents per pound of P»0* 
and rock phosphate at 1.5 cents per pound. 

average of all crops shows that superphosphate was the more profitable 
source on limed or unlimed soil. Time decreased the effectiveness of 
rock phosphate appreciably. 

A number of experiments have been conducted by the Virginia Ex¬ 
periment Station in which superphosphate and rock phosphate were 
compared. The results of these experiments have been summarized by 
Rich and Lutz (1950) and are presented graphically in Fig. 3. Most of 
the experiments were conducted at one location for 5 years or more, and 
in some cases results are from long-time rotation experiments in which 
corn, small grain, and hay were used as test crops. The two sources 
were compared on an equal P«0 5 basis. The data show that most crops 
did not respond as well to rock phosphate as they did to superphosphate. 
The yields of all crops were relatively high without the use of any phos¬ 
phorus, and rock phosphate did not increase the yield of any crop very 
much. This fact is emphasized when “relative increases” for the various 
crops are calculated on the basis of increases from superphosphate as 
100 per cent. (“Relative increase” as used in this paper is based on in¬ 
crease from superphosphate over no phosphate as 100. It should be 
noted that the term “relative yield” is also used but refers to the total 
yield from “x” phosphate as compared with the total yield from super¬ 
phosphate as 100.) In the Virginia experiments the relative increases of 
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F W . 3. Relative value of rock phosphate and superphosphate applied at equivalent 
rates of P,0. on various crops in Virginia (Rich and Lutz, 1950). 

rate, equivalent la the weigh, of craps removed. 0. unlhned landd ur- 
ing the first year, of the experiment superphosphate “ 

yields than rock phosphate. After about 10 years the yields from the 
L sources were about equal for all crops except wheat. On hmed land 
the yields of oats and wheat were higher from superphosphate through¬ 
out the period of the experiment. Com yields were about the same from 
the two sources after the first 16 years; however, hay yields from rock 
phosphate never equalled the yields from superphosphate until the last 
rotation period. Except for com during the last half of the period and 
red clover during the last rotation period, lime and superphosphate was 
more effective than rock phosphate with or without lime. 

In 1930 a sources of phosphorus experiment in a rotation of com 
and cotton with winter legumes was started at three locations in Ala- 
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bama (Ensminger, 1950). The results are presented in Table V. Ac¬ 
cording to the data, 24 pounds of P 2 0 5 from superphosphate was more 
effective in increasing the yields of cotton and winter legumes than 48 
pounds of P 2 0 5 from rock or colloidal phosphate or 96 pounds of P 2 0 5 
from rock phosphate. Colloidal phosphate was tested at the rate of 48 
pounds of P 2 0 8 only and appeared slightly more effective than 48 
pounds of P 2 0 5 from rock phosphate. Phosphate applications were dis¬ 
continued after 1945 to study residual effects of the various sources. 
The data for the first 4 years of the residual period presented in Table V 
show that superphosphate produced as much cotton during the residual 
period as rock phosphate even though rock phosphate had been applied 
at higher rates of P 2 0 5 from 1930 to 1945. 

TABLE V 

Increased Yields of Seed Cotton and Winter Legumes from Various Phosphates 
in Tests Conducted at Three Locations in Alabama 


Average yield increases per acre 

P 2 0* per 

acre to cotton Green weight Seed cotton, pounds 

and to wilder of winter ■- 

legumes, pounds, legumes, pounds, Residual 


Source of phosphorus 

1930-191*5 

1930-191*5 

1930-191*5 

191*2-191*5 191,0-191*9 

Superphosphate 

44 

3539 

404 

488 

166 

Superphosphate 

48 

5471 

456 

344 

184 

Colloidal phosphate 

48 

4589 

138 

407 

194 

Rock phosphate 

48 

4475 

89 

131 

104 

Rock phosphate 

96 

3344 

169 

447 

187 

Superphosphate 11 

44 

5144 

468 

340 

177 


• Id addition to •uperphosphate. rock phosphate applied at rate of *000 pounds per acre in 1930. 1936, and 
194*. 

In other tests yields of cotton at five locations in Alabama from 1923 
to 1930 show that 96 pounds of P 2 0 5 from superphosphate produced 
more cotton than eight times as much P 2 O s from rock phosphate. This 
was true on both limed and unlimed land. 

The Cullars Rotation on Norfolk loamy sand, which was started at 
Auburn, Alabama, in 1911, may be the oldest comparison of rock 
phosphate and superphosphate under way at the present time in the 
United States. One objective of the experiment was to study the value 
of superphosphate and rock phosphate for the production of crops in a 
rotation. Phosphate applications were discontinued after 1931 to study 
residual effects of the two sources. Cotton yields from 1911 to 1952 
along with certain soil analyses are given in Table VI. It should be 
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TABLE VI Phosphorus 

*— OP Cotton «o 

Content or the Soilj --- content of ttnl, 

p.p.m. 



Total PtOt 
per acre 
applied , 

Average yields of seed < 
per acre, pounds 

Dilute 

cotton ac id- Nil «F- 

__ soluble soluble 

n /\ k 

Total 

P^Ot, 

Source of 
phosphorus 

pounds, 
1911-1931 

1911-1931 

1932-mi mS-1961 PtOf _^ 

None 

Superphosphate 

0 

914 

QftKA 

772 

1243 

1161 

486 

mi 

1197 

634 9 23 

1060 18 

I860 265 71 

240 

322 

721 

Hock phosphate 

30 0* 





:S2TJSJS»—— 

noted that from 1910 to>1931 the Super- 

Xr^uclhSiy 

phate was being applied than did roc-P ^ duced slig htly more cot- 
years of the residual period, rock p o p P { h res idual 

ton than did superphosphate. During the la It is evi- 

period, the yield was 300 pounds in fa , ta k en in 1947 that 

dent from the phosphorus content of e *°* £ accumulation of total 

the higher rate of ZZ "uoride-soluble 

phosphorus as well as dilute ac 1 ^, 0 , Thp soil data 

experiment the higher application of P 2 0 5 in the ^form P P 

produced more oats and vetch than did superphospha • 

Clipping yields from eight pasture experiments in Alabama^ on acid 
soOs show that colloidal phosphate produced less than half as much 
herbage as superphosphate when the two phosphates ^ ere a PP^ ° 
an equivalent cost basis. In three experiments on acid soils, colloidal 
phosphate applied at double the cost of superphosphate produced only 

about one-half as much herbage. _ i. /- v u™ 

Woodhouse (1949) summarized the data from North Carolina show¬ 
ing the value of rock phosphate in comparison to superphosphate. He 
concluded that rock phosphate was inferior to superphosphate when 
applied on an equivalent P 2 0 5 basis. Two to seven times as much phos¬ 
phorus was required in the form of rock phosphate to give a response 
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equal to that of superphosphate. Red clover appeared to be more re¬ 
sponsive to rock phosphate than corn or wheat. 

In three pasture experiments in Mississippi, Anthony (1952) re¬ 
ported that rock phosphate applied at twice the rate of P 2 0 5 as super¬ 
phosphate increased yields 47 per cent as compared to 68 per cent for 
superphosphate. In another pasture experiment 200 pounds of super¬ 
phosphate increased yields 140 per cent of the no-phosphate treatment, 
whereas 400 pounds of colloidal phosphate increased yields only 84 per 
cent. Average seed cotton yields at seven locations for 5 years showed 
that superphosphate increased yields 21 per cent while an equivalent 
amount of P 2 0 5 from colloidal phosphate increased yields 5 per cent. 

According to Bledsoe (1929), four raw phosphates, applied at the 
rate of 400 pounds per acre, produced 80 pounds less seed cotton than 
did one-half as much P 2 0 5 in the form of superphosphate. In these tests 
in Georgia, which were conducted during the period 1921-1925, Florida 
pebble phosphate gave slightly higher yields than did either Tennessee 
blue rock or Florida soft rock phosphate. The Florida pebble phosphate, 
however, was finer than the other phosphates and contained more phos¬ 
phorus than did Tennessee blue rock phosphate or Florida soft rock 
phosphate. 

Results from Florida show that in some cases high rates of raw phos¬ 
phates caused appreciable increases in the growth of pastures. Results 
reported by Blaser et al. (1941) indicate that Trifolium clovers (white, 
Persian, hop, red, and alsike) were more responsive to rock phosphate 
than were Medicago-Melilotus clovers (California bur, black medic, 
and Hubam sweet clover). Working with acid-peat soils, Neller (1945) 
found that 576 pounds of P 2 0 5 from rock phosphate produced somewhat 
more herbage of carpet grass and Dallis grass than did 144 pounds of 
PoO* from superphosphate. From tests conducted in central and western 
Florida, Neller et al. (1951) concluded that 2000 pounds of rock phos¬ 
phate furnished adequate phosphorus for clover and grass on the Im- 
mokaloe and Rutlege fine sands of central and north Florida but not on 
the Tifton and Carnegie fine sandy loams of west Florida. It should be 
pointed out, however, that in these same tests one-sixth as much P 2 0* 
in the form of superphosphate was also adequate. 

(3) Experiments in the Midwest. The Indiana Agricultural Ex¬ 
periment Station conducted a number of field tests beginning in 1904 in 
which superphosphate and finely ground rock phosphate were com¬ 
pared. A summary of the results reported by Wiancko and Conner 
(1916) is presented in Table VII. They drew the following conclusions: 
“As a result of the eighty-two tests, it may be said most emphatically 
that it pays to use acid phosphate on the average Indiana soil under 
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P In 1897 the Ohio Experiment jtati° hosph ate. Although the 
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least as low as 5.0. Limmg was was croppe d to a rotation of 
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TABLE VII __ 


Crop and number 
of location-year 
tests 

ruuorim**' -- 

Kind of 
phosphate 

Pounds material 
applied per acre 
per year 

A rerage 
yield per 

acre increase 

Corn (36 tests) 

Superphosphate 

Raw rock 

None 

190 

532 

43.04 bu. 5.49 bu. 
42.20 bu. 4.65 bu. 
37.55 bu. 

Wheat (S3 tests) 

Superphosphate 

Raw rock 

None 

190 

532 

15.28 bu. 4.31 bu. 
12.88 bu. 1 .91 bu. 
10.97 bu. 

Legume hay (9 tests) 

Superphosphate 

Raw rock 

None 

190 

532 

2998 lb. 320 lb. 
2773 lb. 95 lb. 

2678 lb. 

Potatoes (4 tests) 

Superphosphate 

Raw rock 

None 

500 

1000 

112.0 bu. 29.4 bu. 
94.2 bu. 11.6 bu. 
82.6 bu. 


Data from Wiancko and Conner (1916). 

The Ohio Station began a lime and rock phosphate experiment in 
i905^A rotation of com, oats, and hay was used. The hay crop was 
mainly red and alsike clovers through 1921. From 1922 to 1929 a mix 
ture of sweet clover and alfalfa was used. In 1930 to 1933 alfalfa wa 
grown on one half and sweet clover on the other half of each plot. lh 
reaction of the soil at the beginning was about pH 5.3. Superphosphat 
and rock phosphate at a rate of 320 pounds of material per acre were 
compared on limed and unlimed land. Salter and Barnes (1935) re- 
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ported that on the unlimed land superphosphate produced somewhat 
higher yields of all crops as an average for the whole period, but slightly 
less hay from 1915 on than did rock phosphate applied at twice the rate 
of P 2 0 5 . Liming reduced the efficiency of rock phosphate somewhat as 
compared with superphosphate. 

Salter and Barnes (1935) also reported the results of a 4-year rota¬ 
tion fertility experiment in which corn, oats, wheat, and clover were 
grown. Rock phosphate was applied to corn at three times the rate of 
P 2 0 5 as superphosphate. For the period of 1915 to 1933 it was consider¬ 
ably less effective than superphosphate. The authors state that the re¬ 
action of the soil was rather acid at the beginning, but that repeated 
liming (2 tons per acre per rotation) had raised the pH to 7.2. The re¬ 
action of the soil was probably too high during the last part of the period 
to expect very much response from rock phosphate. 

Hopkins of the Illinois Station first recommended the use of rock 
phosphate in 1903, basing his recommendation on results obtained by 
the Ohio and Maryland Stations. The Illinois Station soon started field 
tests to study the value of rock phosphate. However, most of the early 
tests did not include a comparison with superphosphate and will not be 
discussed here. Hopkins (1916) reported the results of three experi¬ 
ments conducted in southern Illinois in which 333 pounds of superphos¬ 
phate was compared with 666 pounds of rock phosphate. Results from 
the period 1904 to 1915 show that on the Odin and Mascoutah fields 
rock phosphate at four times the rate of P 2 0 5 gave somewhat higher 
yields than did superphosphate. On the Cutler field superphosphate was 
somewhat better than rock phosphate. The author pointed out that the 
increase in yields from phosphorus was scarcely sufficient to pay for 
the phosphates applied. Bauer et al. (1945) reported a summary of long¬ 
time field experiments conducted in Illinois from the beginning through 
the crop season of 1942. In 1924 five field experiments were modified 
for the purpose of comparing rock phosphate and superphosphate. The 
plots were divided and the original treatments continued on half of each 
plot. Superphosphate treatments were superimposed on the other half 
of unphosphated plots. The superphosphate was broadcast at an average 
annual rate of 160 pounds per acre, with most of it being applied before 
seeding wheat and some at corn planting. Superphosphate was com¬ 
pared with rock phosphate which was residual from 1924 on but had 
received 4 tons per acre from 1910 to 1924. On limed plots, superphos¬ 
phate produced higher yields on the average than rock phosphate in 
both the manure and residues system. On unlimed plots in the residues 
system, rock phosphate was somewhat more effective than superphos¬ 
phate. In a consideration of these results several points should be kept 
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superphosphate and rock phosphate comp P ared wit h 286 pounds of 
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rock phosphate in a corn and wheat ( erp hosphate produced 

that received 3000 pounds of ^ J ’ P duce d 18.4 bushels of 

18 9 bushels of wheat while rock phosp P f wheat . These 

whC. The unphosphated Superpho.ph.te and rock 

..crag, yields for .he p.n.d,he Ewing held. The M- 
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Phosphate treatment annually 
None 

04 lb. superphosphate 
143 lb. rock phosphate 


Corn, 

bushels 

26.6 

29.4 

33.6 


Oaf.v, 

bushels 

20.7 

25.6 

28.3 


Wheat, 

bushels 

9.6 

15.9 

17.9 


143 lb. rocK 

Crop residues were returned to the land. L.me of 

zsn s* »»■%" i T^e-srsirSior "f 

^Se^'rr.ri 0..«.-«- 

Ph t testa conducted a. ,h. folie, and KewanJ, Mj. 

se*-*£ im 

Ide «e™ P Of buckwheat because of a wheat failure. On the bast, of 
crop values rock phosphate was somewhat better at Kewanee, but s p 

phosphate was slightly better at Joliet. aTln ther test 

Superphosphate and rock phosphate were compared m another test 

at the Kewanee field. The results as reported by Bauer et al. ( 9 5) 
cover the period 1937-1942, in which four wheat crops and one clover 
alfalfa hay crop were grown. The experiment was conducted on small 
field plots in randomized blocks replicated five times. Superphosphate 
applied at 300 pounds per acre in 1936, 1937, and 1939 produced 
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greater yields on both limed and unlimed land than did 300 pounds of 
rocV 1 phosphate. 

( 4 ) Experiments in the West . Field experiments have been con¬ 
ducted with raw phosphates on calcareous soils in most of the Western 
States. The following reports are typical. According to Toevs and Baker 
(1939) and Larson and Baker (1939) of the Idaho Station, rock phos¬ 
phate was unsatisfactory as a source of phosphorus for alfalfa and a 
number of other crops. Little or no response was obtained from rock 
phosphate in experiments conducted in Montana by Green (1938) and 
Willis and Harrington (1939); Pittman and Thorne (1941) found that 
rock phosphate failed to increase crop yields in Utah; and according to 
Volkerding and Stoa (1947), rock phosphate was not a satisfactory 
source of phosphorus for North Dakota. 

c. General Discussion. Raw phosphates are rather insoluble mate¬ 
rials. Jacob et al. (1933) determined the solubilty of a number of raw 
phosphates ground to pass a 100-mesh sieve. Their results show that 
commercial types of raw phosphates in the United States contain from 
0.3 to 2.5 per cent citrate-soluble P 2 0 5 on the sample basis. Citric acid- 
soluble P 2 0 5 ranged from 4 to 8 per cent. If the citrate solubility of 
phosphates has any significance in fertilizer control work, then the low 
solubility of raw phosphates would indicate a rather low availability to 
most plants. (See Chapter X.) 

Numerous greenhouse experiments by Fudge and Fraps (1945), 
Volk (1942), Salter and Barnes (1935), McGeorge (1939), Lyon 
(1933), DeTurk (1942), and Jacob et al. (1935) have shown that raw 
phosphates are not satisfactory sources of phosphorus in pot cultures. 
It should be emphasized, however, that results from pot tests may not 
always be applicable to field conditions. In the first place, the limited 
space for root development probably puts greater stress on the applied 
phosphate than would be the case in the field. In the second place, 
plants are usually not grown to maturity in the greenhouse, which 
means that they are tested during the early stages of growth when they 
are relatively more responsive to readily available types of phosphorus. 
Also, in the greenhouse, rotations usually have not been used whereby 
legumes that are strong feeders on rock phosphate can be used to 
mobilize the phosphorus from raw phosphates. 

In many of the field experiments the two carriers have been com¬ 
pared at only one rate; this makes it difficult to evaluate the results. In 
order to evaluate properly the two carriers of phosphorus, they should 
be tested at different rates so that the most economical rate of each can 
be determined. 

Some workers have suggested that the addition of organic matter 
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3. Mono-, Diand Tricalcium Phosphate 
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superphosphate. Dicalcium phosphate (CaHP0,-2H,0) is ofte 
feJed P to as reverted or precipitated phosphate and is an important 
constituent of ammoniated superphosphate. It may be produced by 
treating phosphoric acid with the proper amount of lime. Tncaloum 
phosphate (Ca,(P0 4 ),) is the most insoluble of the calcium salts of 
phosphoric acid. Tricalcium phosphate may be formed by ammomation 
of monocalcium phosphate. These phosphates are not used to any ap- 
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preciable extent in the relatively pure state as fertilizer materials. They 
do appear as important constituents of several materials which are 
widely used as fertilizers. It is evident, therefore, that information con¬ 
cerning these phosphates is basic to any studies of phosphate fertilizers. 

A number of field tests have been conducted by the Alabama, Ken¬ 
tucky, and Virginia Stations in which these phosphates have been com¬ 
pared. A summary of these results is reported in Table VIII. Based on 

TABLE VIH 


Relative Efficiency of Concentrated Superphosphate, Dicalcium Phosphate, 
and Tricalcium Phosphate as Measured by Crop Yields in Alabama, 

Kentucky, and Virginia 0 


State 

Crop 

Number 

of 

location- 

year 

tests 

Pounds 

of 

PtOt 
per acre 
applied 


Relative yields 

yield per 

acre with No 

concentrated phos- 
superphosphate phorus 

Dical¬ 

cium 

phos¬ 

phate 

Trical¬ 

cium 

phos¬ 

phate 

Alabama 

Cotton 

358 

60 

956 lb. 

76 

102 

97 

Kentucky 

Corn 

86 

15 

38 bu. 

71 

95 

91 

Kentucky 

Wheat 

74 

40 

21 bu. 

38 

100 

83 

Kentucky 

H y 

61 

0 

3877 lb. 

69 

98 

97 

Virginia 

Corn 

48 

36 

55 bu. 

84 

99 

95 

Virginia 

Wheat 

29 

36 

21 bu. 

72 

94 

89 

Virginia 

Red cloven-timothy 

15 

25 

2740 lb. 

72 

96 


Virginia 

Alfalfa 

12 

71 

5208 lb. 

74 

96 

95 

Virginia 

Pasture 

29 

48 

4806 lb. 

79 

100 


Total 


712 

Weighted averages 

- 

100 

94 


• Adapted from Ensminger (1050). Weeks (1954, unpublished communication), and Rich and Lutz (1950). 


actual yields from concentrated superphosphate as 100 per cent, the 
data show that dicalcium was 94 to 106 per cent as effective, whereas 
tricalcium was 83 to 97 per cent as effective on the various crops. 
Wheat showed the lowest response to tricalcium phosphate of any of 
the crops tested. In Virginia and Kentucky the experiments were con¬ 
ducted on limed land. 

Houghland et al. (1942) reported the results of field tests conducted 
in Maine, New Jersey, and Pennsylvania using potatoes as a test crop. 
Dicalcium phosphate was found to be practically as effective as con¬ 
centrated superphosphate. Tricalcium phosphate was not included in 
these tests. The reaction of the soils ranged from pH 5.2 to 5.6. 

Stanford and Nelson (1949) studied the response of oats to sources 
of phosphorus at three locations. Only on the Webster silty clay loam at 
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pH 6.0 was there a significant response Jj^upe^sphate. By 

dicalcium phosphate P rod “ ced as m ^ found that the percentage of 
the use of tagged superphosphate, th y much lower 

pL. phosphorus derived horn IH.) 

than that derived from s uP er P h ° sp ' Hall et a l. (1949) found no 
At two locations in North Carolina Hall et ^ ' , hate 

difference in yields of seed cotton a much 

and superphosphate. Radiophosphorus , phoS phate than from 
lower uptake of phosphorus from dicalcium phospn 

superphosphate. ^cnlts of field tests in Rhode 

P Od!,„d and Cox (1942) ^t^rs '“uded tho. dk.1- 

^3su^lX" » J-i so„. 

The same was true for potatoes grown 1 year monoca lcium, 

According to results reported by Bauer el al. 1 945) monocatc , 
dicalcium and tricalcium phosphates were about equally effective lo 
the production of wheat. They were applied at an annual rate 

23 Jacob S and P Ross P a 940)'reported the results ofpotexperunentsco^ 
ducted cooperatively by the Bureau of Plant Industry and five state 
experiment stations. Results of these experiments show that d^cium 
phosphate was slightly more effective than superphosphate whereas 
monocalcium phosphate was usually less effective than s “P e [ pl J° sp ^ *' 
Green (1938) reported the results of field tests with alfalfa, oats, 
and wheat conducted in Montana. Monocalcium phosphate produced 
lower yields than did concentrated superphosphate. Dicalcium phos¬ 
phate was inferior to either concentrated superphosphate or mono¬ 


calcium phosphate. , . 

Olsen et al. (1950) reported results from field tests conducted on 

irrigated soils of the West in which several sources of phosphorus were 
compared. At one location where superphosphate and calcium meta¬ 
phosphate increased the yield of sugar beets significantly, dicalcium 
phosphate produced a small increase but it was not statistically sig¬ 
nificant. Radiophosphorus data showed that dicalcium phosphate sup¬ 
plied less phosphorus to all crops grown than did superphosphate. 

On the basis of crop yields, it appears evident that dicalcium phos¬ 
phate is as good a source of phosphorus as is superphosphate on neutral 
and acid soils. A limited number of tests indicate that it is not a satis¬ 
factory source of phosphorus for calcareous soils. In general, tricalcium 
phosphate is less effective than monocalcium or dicalcium phosphates. 
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Under certain conditions liming would be expected to decrease the 
effectiveness of tricalcium phosphate. 

/. Defluorinoted Rock Phosphate 

Jacob (1951) defines the term “defluorinated phosphate rock” as re¬ 
ferring to “the products obtained by heating natural phosphates, usu¬ 
ally phosphate rock, at high temperatures in the presence of silica and 
water vapor for the purpose of volatilizing the fluorine and converting 
the P 2 0 5 into plant-available forms, chiefly alpha tricalcium phos¬ 
phate.” The class term has been used to cover products referred to as 
alpha phosphate, calcined phosphate, fused phosphate, fused phosphate 
rock, and fused tricalcium phosphate. 

a. Fused Tricalcium Phosphate. Fused tricalcium phosphate is the 
preferred designation for a material which has been produced by the 
Tennessee Valley Authority since 1945 in a commercial-size furnace 
as a demonstration unit. This product, which contains 27 to 30 per cent 
P 2 0 5 , was described by Jones and Rogers (1949) and Walthall and 
Houston (1952). Fused tricalcium phosphate has been tested rather ex¬ 
tensively on a variety of crops and soils in the United States (Alway 
and Nesom, 1944; Bauer et al. , 1945; Ensminger, 1950; Green, 1938; 
Houghland et al. , 1942; Jacob, 1944; Karraker, 1941; Long and Win¬ 
ters, 1951; Miller, 1952; Rich and Lutz, 1950; Terman, 1944; Toevs 
and Baker, 1939; Woodhouse, 1945). 

The early work (Terman, 1944; Tennessee Valley Authority, 1946) 
showed that crop response to fused tricalcium phosphate was increased 
by lowering the fluorine content to about 0.4 per cent. The effect of 
particle size on crop response was subjected to intensive study in field 
tests. A comparison of 10-mesh (U. S. series) with 40-mesh material 
using pasture and other forage plants as indicator crops at eleven loca¬ 
tions in seven Southeastern States (23 location-year tests) showed 
relative increases of 95 for the coarse product and 102 for the finer 
material. 

A summary of the data from field tests conducted by the agricul¬ 
tural experiment stations of Alabama, Georgia, Kentucky, Mississippi, 
North Carolina, Tennessee, and Virginia is given in Table IX. As an 
average of 43 location-year tests, fused tricalcium phosphate on perma¬ 
nent pasture mixtures gave a relative increase of 106. The relative yield 
value of 60 for the no-phosphate treatment shows that these tests were 
conducted on phosphorus-deficient soils. Various mixtures of pasture 
species were used, all of which included white clover as the dominant 
legume. Long and Winters (1951) pointed out that in some of the in¬ 
dividual tests 10-mesh fused tricalcium phosphate was slow in taking 
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10 or 40 


40 

40 

40 
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Corn 
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6 


18 


33 

46 

13 


43 


76 

74 

24 


60 


65 

76 

65 
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92 

05 

86 


.... - T '“ 
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On th, other hand, .he mean value, to Table IX J 
corn and cotton show that this phosphate is not so effective 
crops as superphosphate. Fused tricalcium phosphate gave average^ 

live increase values of 92 on small grain, 95 on corn, and 86 on cotton 

?he “ cation-year tests were conducted on phosphorus-deficient 

soils as shown by relative yield values of 65, 76, and 65 for the no 
phosphorus treatment on small grain, corn, and cotton, respectively. 

The importance of time of application in obtaining cr p P 
fused tricalcium phosphate was illustrated in a rotation experiment re¬ 
ported by Long and Winters (1951). Figure 4 shows a comparison ot 
fused tricalcium phosphate with superphosphate on corn on a highly 
deficient soil in Tennessee. This phosphate was only 65 per cent as 
effective as superphosphate on corn yields the first year after starting 
the rotation of corn, oats, and red clover; after the first year, however, 
fused tricalcium phosphate increased yields as much as superphosphate, 
giving relative yield values on corn of 102, 90, and 100 for the last 3 
years of the experiment. 

In contrast to the generally favorable results on acid soils, tests on 
alkaline or calcareous soils show conclusively that fused tricalcium 
phosphate is not a satisfactory source of phosphorus for these conditions 
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(Green, 1938; Jacob, 1944; Larson and Baker, 1939; Toevs and Baker, 
1939). 

b. Calcined Phosphates. These phosphates have been described by 
Jacob (1944) as porous, easily ground materials obtained by heating 
phosphate rock at sintering temperatures. These phosphates are dis¬ 
tinguished from the fused products which are made by melting the rock 



Fig. 4. A comparison of concentrated superphosphate and 10-mesh fused tricalcium 
phosphate at the rate of 120 pounds P : 0 4 per acre on corn. Left, concentrated super- 
phosphate; yield, 47 bushels. Right, fused tricalcium phosphate; yield, 31 bushels. 
Plateau Experiment Station, Crossville, Tennessee, photographed July 13, 1948. 
In 1949, 1950, and 1951, these phosphates were of equal effectiveness on com yields 
in this same experiment. (Photograph courtesy of Tennessee Agricultural Experi¬ 
ment Station.) 

at higher temperatures to give a dense, nonporous material on cooling. 

In general, calcined phosphates have performed similarly to fused 
tricalcium phosphates when materials of similar fineness have been 
compared. Bauer et al. (1945), Houghland ct al. (1942), and Ross and 
Jacob (1937) reported data to show that finely ground calcined phos¬ 
phate was nearly as effective as superphosphate on acid to neutral soils. 
Studies by Ross and Jacob (1937) indicated that material coarser than 
40-mesh was inferior to a more finely ground product. 

Toevs and Baker (1939), Olsen et al (1950), McGeorge (1939), 
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Williams and Reith (1948) reported unfavorable results on turmpson 
Scottish soils with a material described as calcium metaphosphate. I h 
material used in these tests, however, was quite different in solubili y 
from the calcium metaphosphate used extensively in greenhouse and 
field tests in the United States. It was reported to be only 15 per cent 
soluble in citric acid, although more than two-thirds of the material was 

finer than 100-mesh. _ 

Recent field experiments in Iowa (Pesek, 1952, personal com¬ 
munication) and Tennessee (Long, 1952, personal communication) 
suggest that there may be an advantage to grinding calcium metaphos¬ 
phate finer than 10-mesh. 

Experiments on several of the more extensive soils in the humid 
region of the United States showed calcium metaphosphate to be gen¬ 
erally satisfactory as a source of phosphorus for field crops (Brown and 
Clark, 1943; Bauer et al., 1945; Chandler and Musgrave, 1944; Ens- 
minger, 1950; Houghland et al., 1942; Midgley and Dunklee, 1945; 
Miller, 1952; Rich and Lutz, 1950; Ross and Jacob. 1937; Roberts et al., 
1942; and Woodhouse, 1945). 

(1) Tests in the Tennessee Valley States. Mean relative yield 
values are shown in Table X for a large number of field experiments 
conducted in the Tennessee Valley States with corn, cotton, legume 
hay, and wheat. A 10-mesh product with fines left in was used in these 
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tests. Calcium metaphosphate was fully as effective as superphosphate 
on the acid soils used in these experiments, which involved the follow¬ 
ing number of location-year tests: 264 on cotton, 195 on com, 175 on 
wheat, and 124 on legume hay. Included in the summary in Table X 

TABLE X 

Crop Response to 10-Mesh Calcium Metapiiosphate as Compared with 
Superphosphates in Field Experiments in the Tennessee Valley 

States, 1934-1944** 

Relative yields 


Source of phosphorus Cotton Corn Legume hay Wheat 


Concentrated superphosphate 
No phosphorus 
16-20% superphosphate 
Calcium metaphosphate* 

• Values calculated from data reported by Tennessee Valley Authority (1946). Original data from the state 
agricultural experiment stations. 

• Based on a value of 100 for actual yield with concentrated superphosphate. 

• Averages of 264 tests on cotton, 195 on corn. 175 on wheat, and 124 on legume hay. 


100 

100 

100 

100 

82 

82 

74 

69 

102 

102 

99 

99 

99 

100 

100 

99 


were the results of extensive rotation experiments in Virginia. 0 Brien 
(1944) reported that in corn-wheat-hay rotations—with com and 
wheat receiving 36 pounds of P 2 0 5 per acre and the hay crop utilizing 
residual phosphate—calcium metaphosphate ranked as high or higher 
than superphosphate at six of the nine locations. Likewise, Woodhouse 
(1945) concluded that calcium metaphosphate was as satisfatcory as 
concentrated superphosphate in a 6-year experiment involving different 
rates of P 2 O s on a white clover-grass sod in North Carolina. 

(2) Tests in the Midwestern States. A 7-year experiment on Bed¬ 
ford silt loam in Indiana involving a rotation of corn, wheat, and hay 
provides some interesting data on calcium metaphosphate. The average 
yields of a no-phosphate treatment which included lime (soil pH 6.2), 
manure, potash, and nitrogen were 48 bushels of com and 2,784 pounds 
of hay per acre. Average increases in crop yields from superphosphate 
and calcium metaphosphate, each applied at a rate of 48 pounds of 
P 2 0 5 per acre per rotation, were reported by Enfield (1949, personal 
communication) as follows: 


Source 


Corn, 

bushels/acre 


Wheat, 
busheU/acre 


Hay, 

pounds/acre 


Calcium metaphosphate 
20% superphosphate 


9.6 13.7 1,241 

8.7 7.0 1,107 
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well in advance of seeding. differences in the use of calcium 

The importance of recognizing soil difference Agricul- 

metaphosphate is well illustrated by a report from the Iowa^Agr.cul 
tural Experiment Station (1947). In an experiment on cakareous 
silt loam, calcium metaphosphate was less effective m increasing corn 

yields than was superphosphate, but when a PP 1 J e effective as 

Monona silt loam (pH 6.5), this phosphate was fully ^ effect! 
superphosphate. Likewise, calcium metaphosphate compared favorab y 
with superphosphate on oats on Webs*sr silty-clay loam (pH 6.0) in 
other tests in the same state (Stanford and Nelson, 19 )• 

(3) Tests in the Western States. Experiments conducted in the 
Western States are not conclusive as to the effectiveness of calcium 
metaphosphate on alkaline or calcareous soils. This phosphate has been 
tested on alfalfa in Montana (Green, 1938), New Mexico (Hinkle, 
1942a) and Idaho (Toevs and Baker, 1939), and on sugar beets, wheat, 
and barley in Colorado (Olsen et ai, 1950). In some of these tests, cal¬ 
cium metaphosphate gave responses equivalent to those of superphos¬ 
phate, but in others it was decidedly inferior. More research will be 
needed to determine the factors which influence the response of crops 
to calcium metaphosphate on the calcareous soils. This phosphate is 
much more effective on alkaline soils than the forms of tricalcium 
phosphate which have been tested, but until more is known about the 
effects of placement, time of application, particle size, soil moisture, 
and possibly soil type, it is not as dependable as the water-soluble phos¬ 
phates. 

b. Potassium Metaphosphate. This phosphate contains about 55 
per cent P 2 0 5 and 35 per cent K 2 0. Potassium metaphosphate is only 
slightly soluble in water but apparently hydrolyzes readily in the soil. 
A recent s umm ary of the data from 46 location-year tests on acid 
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soils in five states (Tisdale, 1952, personal communication) comparing 
potassium metaphosphate with concentrated superphosphate showed a 
mean relative yield value of 101 for potassium metaphosphate. In these 
same tests the no-phosphorus treatment had a mean value of 67. 

Brown and Clark (1943), Chandler and Musgrave (1944), Ens- 
minger (1950), Houghland et al. (1942), and The Idaho Agricultural 
Experiment Station (1943) reported somewhat superior responses to 
potassium metaphosphate over those obtained with superphosphate or 
with any other form of phosphorus used in the various tests. These 
reports suggest an advantage to the low water-solubility of the potas¬ 
sium or to having potassium and phosphorus present in each particle 
of the fertilizer. Possible beneficial effects of multiple-nutrient granules 
in fertilizers will be mentioned in a discussion of the nitric phosphates 
in Section II.8.b. 

c. Other Metaphosphates. The Idaho Agricultural Experiment Sta¬ 
tion (1943) reported on greenhouse tests which included a potassium- 
calcium metaphosphate. As an average of four crops, this phosphate 
produced a relative yield of 100 when compared with concentrated 
superphosphate as the standard. McGeorge (1939) reported that sodium 
metaphosphate was “extremely effective” as a source of phosphorus for 
plant growth. 

6. Byproduct Phosphates 

a. Basic Slag. Basic slag contains varying amounts of P 2 0 5 , depend¬ 
ing upon the phosphorus content of the iron ore used in the manufacture 
of steel, from which industry it is a byproduct. The current production 
in this country contains 8 to 10 per cent total P 2 0 5 , 60 to 90 per cent of 
which is soluble in ammonium citrate. Basic slag, referred to also as 
Thomas slag, has been used in Europe as a fertilizer for many years. 
It has been produced in significant quantities in the Birmingham, Ala¬ 
bama, district in the United States since about 1915. As a liming ma¬ 
terial, basic slag is generally rated as 50 to 65 per cent as effective as a 
good grade of ground limestone. 

The availability of the phosphorus in basic slag has been investi¬ 
gated on the major crops and for a wide range of soil conditions both 
in Europe and in the United States. Ensminger (1950) summarized the 
data from 15-year experiments and numerous short-duration tests con¬ 
ducted in Alabama from 1920 to 1945. Relative increase values for basic 
slag in comparison with superphosphate in the long-term rotation ex¬ 
periments at four locations were 85, 114, and 94 on cotton, corn, and 
winter legumes, respectively. Similar 15-year experiments at five loca¬ 
tions without a winter legume crop showed a relative increase value of 
83 for basic slag on cotton. As an average of 222 short-duration tests, 
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relative increase values for basic slag ^PP Qn Qats and g 5 on 

140 on clovers on unhmed land to^0 on ^ £ Ken tucky, 

Hartwell*and Damon (1927) in'Rhode Mooers (1929) tn Ten- 

crops tz 

showed this phosphate to be about as effective on acid soils as was sup 
nhosphate when liberal applications are made over a period of_ y ears , 
P b Bone Meal. Crushed bone was one of the first materials to be used 
as a source of plant nutrient phosphorus. For a period of time the fe- 
lizer industry used bone meal as a raw material m the manufacture 
of superphosphate. Although bone meal is used today in this country 
mostly as an animal feed supplement, 85,000 tons of bone meal were 

used as fertilizer as late as 1937. ,, i~e«3 

Rich and Lutz (1950) showed the relative yield, of bone meal as oo 

on wheat and 89 on red clover-timothy hay as averages of 29 location- 
year tests in Virginia. Com—a low phosphorus-responding crop- 
showed a value of 98 for bone meal as an average of 17 tests. 

Salter and Barnes (1935) showed that bone meal, similar to other 
forms of tricalcium phosphate, was less effective on heavily limed soil. 
They showed a relative increase value of 80 for bone meal on cereal 
crops on unlimed land and a value of only 20 on soil at pH 7.5. Odland 
and Cox (1942) reported values for bone meal that compared favorably 
with superphosphate on potatoes but compared unfavorably on oats and 
barley. Bone meal was more effective than superphosphate in a 20-year 
experiment in Pennsylvania (Noll and Irvin, 1942) and in a 25-year 
wheat test on Sanborn Field in Missouri (Smith, 1942). Williams and 
Reith (1948) concluded from tests in Scotland that three different forms 
of bone meal were about as effective as superphosphate on turnips, 
swedes, and potatoes. 
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7. Miscellaneous Phosphates 

a. Rhenania or Silicophosphate. According to Crowther and Lea 
(1946), the process of heating ground mineral phosphate with soda ash 
and sand in the presence of steam was first used commercially in 
Belgium in 1916. Since then Rhenania phosphate has become an impor¬ 
tant source of fertilizer phosphorus in Germany, competing successfully 
with superphosphate and basic slag. The product is made by sintering 
the mixture at about 1300 to 1400° C., this removes most of the fluorine 
from the mineral phosphate. 

These products have also been referred to as silicophosphates and 
contain normally about 33 per cent total P 2 0 5 , which is not water- 
soluble but is nearly all citrate-soluble. The material is reported to be 
a mixture of calcium silicophosphate and calcium sodium phosphate. 
Crowther and Lea (1946) and Crowther and Cooke (1951) summarized 
the results of field experiments with several experimental grades of 
silicophosphate which were conducted in Great Britain. They concluded, 
from 130 field tests distributed over England, Wales, Scotland, and 
Northern Ireland, that for swedes and potatoes on very acid soils (pH 
less than 5.5) the silicophosphates were fully as effective as superphos¬ 
phate. On less-acid and neutral soils, superphosphate was superior as a 
source of phosphorus. For example, the silicophosphates were only about 
two-thirds as effective as superphosphate on potatoes on soils with a pH 
greater than 5.5. 

Scharrer (1950), reviewing tests with Rhenania phosphate in Ger¬ 
many, concluded that this material was a better source of phosphorus 
on acid soils than superphosphate and was more effective than basic 
slag on alkaline soils. Jacob and Ross (1940) studied the earlier reports 
on citrate-soluble phosphates prepared by heating rock phosphate with 
alkali salts and concluded that these materials were excellent sources 
of phosphorus. 

h. Rock Phosphate-Magnesium Silicate Glasses. Mixtures of rock 
phosphate and serpentine or olivine have been fused to make glass-like 
products containing from 20 to 24 per cent P 2 0 5 . Two developments on 
the West Coast of the United States led to commercial production of 
fertilizers by this process for a short time, but operations have been 
discontinued. 

Hill et al. (1948) tested seven different glasses of this type in pot 
cultures. These tests showed a marked effect of particle size of the ma¬ 
terial on availability. When finely ground, these glasses compared 
favorably with superphosphate on acid soils but were less effective on 
calcareous soils. These workers concluded that these glasses should be 
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ground to pass a 60-mesh sieve llohn^rg e^ C 19 ^ 9 ^ 9 phosphate 

on field trials in California with a produc made froni r P j 

and serpentine, and Tremblay and Baur (1952) g aV n ^e olivine glass, 
ments in western Washington ® £e workers concluded 

Using rapid-growing annual more -soluble phos- 

that these phosphates were not so effective as 

^Liquid Phosphoric Acid. Direct use of H PD^principally in 
irrigation water-has gained some importance mtheWestern 5 ^ 
recent years. Olsen al. (1950) working with alfalfa and Th 
/j 944 ) with potatoes reported satisfactory results wi q 
nhoric acid. On the other hand, Converse (1948) observed that this 
form of phosphorus appeared to leach out of coarse-textured soil on the 
Yuma Mesa in Arizona more than superphosphate. The phosphorus in 
iTtom ha, generally a, effee.ive a,, bu. no. »p.n.r o super¬ 
phosphate on the soils in the Western States where .t is bemgusel 
P d Sodium and Potassium Phosphates. Ensminger and Cope (1947) 
reported 16-year average yields of cotton in Alabama which showed 
monosodium phosphate to be decidedly inferior to ^peirhosphate on 
unlimed soil, but only slightly inferior on limed soil. Stewart (1952) 
concluded that for the acid soils of Great Britain disodium phosphate 
was about as effective as superphosphate on swedes, turnips, and pas¬ 
tures. Mehring (1953) stated that trisodium phosphate was an excel- 
lent source of plant nutrient phosphorus on acid soils, and Weiser 
(1933) gave 3 years of data which were favorable to sodium phosphate 
on pasture plants. Studies by Spencer and Stewart (1934) convinced 
these workers that disodium phosphate would penetrate soils better than 
superphosphate. Potassium dihydrogen phosphate has been used fre¬ 
quently as a source of readily available phosphorus in pot cultures. 

e. Organic Phosphates. A wide variety of organic compounds con¬ 
taining phosphorus have been tested by the Neubauer technique and in 
solution and soil cultures in the greenhouse. Only a few have been sub¬ 
jected to field tests. Among those tested by Allison et al. (1941) and 
Maclntire et al. (1948) for availability were the glycerophosphates; 
hexose diphosphate; nucleic acid and its sodium salt; mono-, di-, and 
triphenyl phosphates; hexaethyl tetraphosphate; monoethyl, triethyl, 
and tricresyl phosphates. Triethyl phosphate was of no value as a ferti¬ 
lizer. Tricresyl and triphenyl phosphates induced some growth of 
grasses but were inferior to superphosphate. All the other organics 
listed were about as available as monocalcium phosphate. 

In a field test in Illinois Bauer et al. (1945) reported wheat yields 
for a 4-year period which gave calcium and sodium glycerophosphates 
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relative increase values of 81 and 84, respectively. Pinck et al. (1941) 
and Spencer and Stewart (1934) studied penetration and rates of 
mineralization of organic phosphates in soil and concluded that certain 
forms, including calcium diethyl phosphate, appeared to resist soil fixa¬ 
tion longer than inorganic forms. Rogers et al. (1940) showed that in 
culture solutions phytin and lecithin were available to plants, and that 
nucleic acid and calcium glycerophosphate were readily mineralized 
by exoenzyme systems on corn roots and by soil catalysts. 

/. Other Phosphates. Some of the miscellaneous inorganic materials 
which have been tested as sources of plant nutrient phosphorus and 
appear to have fairly good availability include the following: spent 
phosphate catalysts (Armiger et al., 1947); superphosphate made with 
sludge acid and alkylation acid from the petroleum industry (Brown 
et al., 1943; Jacob and Armiger, 1944); and monocalcium chlorophos- 
phate made by treating rock phosphate with a mixture of hydrochloric 
and phosphoric acids (Houghland et al., 1942). McGeorge (1939) re¬ 
ported that pyrophosphate was readily available to plants. The Ten¬ 
nessee workers (Maclntire et al., 1950), on the other hand, found phos¬ 
phorous acid and the phosphites definitely toxic to plant growth. 

Truog (1916) pointed out that aluminum phosphate was utilized to 
a considerable degree by plants in pot cultures; ferric phosphate was 
less consistent in increasing plant growth; and ferrous and manganous 
forms were generally poor sources of phosphorus. 

8. Phosphorus-Nitrogen Fertilizers 

a. Ammonium Phosphates. Monoammonium phosphate is produced 
commercially for use as a fertilizer either in the form of a single com¬ 
pound analyzing about 11 per cent N and 48 per cent P 2 0 5 or in mix¬ 
tures with ammonium sulfate containing about 16 per cent N and 20 
per cent P 2 0 5 . There is little question about the availability of the phos¬ 
phorus in either of these materials. 

Likewise, diammonium phosphate, which has been produced only 
on a pilot-plant scale in this country, is readily available to crops. This 
phosphate, however, has been used in Europe for some time both as a 
straight material and as a component of some of the nitrophoskas. The 
ammonium phosphates have been tested rather extensively in Western 
Canada (Mitchell et al., 1952) and in some of the Western States in 
this country (Griffiths and Finch, 1945; Hinkle, 1924b; Olsen et al., 
1950). From the results of 199 location-year tests in Alabama, Ens- 
minger (1950) concluded that, when dolomite was added to neutralize 
the acidity and ammonium sulfate to supply needed sulfur, both mono- 
and diammonium phosphates were about as effective on cotton yields 



225 


EFFICIENCY of .YUOUS fboyfhfte »«““■ 

.. »=. superphosphate. A iS“Ke”e tom.; 

1947), showed the unportance of neu J onoaimn onium phosphate 

of phosphorus. When lime was ’ chec k p i ots . Likewise, Salter 

produced less cotton than the no-p P d ^at the relative efh- 

and Barnes (1935) and Weiser / by Uming the soil. 

- -* - n “ dsd) ' 

and residual acidity. ^ proc esses involving 

b. Nitric Phosphates. The potential economy P dual 

rsr.£ r -— 

plant nutrient nitrogen. , rj . • rhanter XII described 

F rr .. / 1Q cn ~ nf i Walthall and Houston m unapxer ah 

^SIsbsswSss 

S "Xaphiphates,” bu, more recently the preferred de.ign.Uon 

■“iZ." 'fgtfZSZ L data from ten .gnmltural exper, 

m ,*T.dons o„ the efficiency of the NP and NPK product made by 
the nitric-phosphoric and nitric-sulfuric acidulation of rock phosph . . 

Table XI presents a summary of the results of field expenm 
com wheat, oats, and cotton conducted during the period 1949-1951 
in si states in the Southeastern United States. The following conclu- 

sions can g p^ a sphorus in the nitric phosphates is as available as con¬ 
centrated superphosphate to corn, cotton, and small grain on acid soils 
in the Southeastern United States. Also on these soils, the nitric phos¬ 
phate products containing nitrogen, phosphate, and potash were fu y 
as effective as commercial-type mixtures of similar NPK ratios for corn 


and cotton. . , 

2. Water-solubility. There is no evidence that water-solubility 

greater than about 10 per cent is required in the nitric phosphates for 
small grain, corn, and cotton on the soils of the Southeast. Very limited 
tests in Iowa and Nebraska, however, suggest that the nitric phosphates 
of low water-solubility may be somewhat less effective on alkaline 
soils than the more-soluble superphosphate. Observations were made 
also which indicate that water-solubility may be more important on 
soils extremely deficient in native phosphorus and under adverse cli¬ 
matic conditions. 



TABLE XI 

Comparison or Concentrated Superphosphate (CSP) and Nitric Phosphate (DNP) as Sources of Phosphorus for Corn, Small 
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3 . Particle size. The 12- 

pears to be about optimum for the*> “ at were i ess effective and some 

cation that particles coarser than» wa$ inferior . 

evidence that material finer than . , Although it was not 

4. Stogie- versus m „l,iple-nu«-.«u. Sfe* „„ crop 

conclusive, *er. see. stt»B evrd.nce of . bentoto^ fertito , .s 

ssiw 

one or two nutrient elements. definitely superior 

f or^P^«=^p7.o - ^ 

out sulfur. , a nroceS s for treatment of super- 

c. Ammomated Superphosphat . P ~ , commercial 

phosphate with anunoni. was firs, patented tr■'*£*££ 1930 . 

application appears to have been ma e United States, made 

Since the appearance of low-pnce of 

possible by the expansion of domestic faohhe for t £^ stand _ 

synthetic nitrogen compounds ammomation P available 

ard practice among goods producers. The mos United 

(Anonymous, 1952) places the amount of J*?*?£* t 386 00 o tons. 
States for ammoniation of superphosphate du g reac- 

Beginning around 1928, extensive research on the chemical reac 

tion!and processing problems involved in ammoniation was begun and 
Keenen (1930) published a report of the reactions that occu < 
changes in composition of ordinary superphosphate (16 to 20 per c 
P0j f caused byammoniation. Figure 5 taken from Keenen s paper an 
iiX from data of White « d. (1935) illustrate these changes 
for ordinary and concentrated superphosphate, respectively. Concen¬ 
trated superphosphate, the simpler of the two superphosphates is 
essentially mtonocalcium phosphate, and the first stage of neutralization 
of this acid phosphate with ammonia is the conversion of the mono 
calcium phosphate into the dicalcium salt and monoammonium phos¬ 
phate. One mole of ammonia is required for each mole of water-soluble 
p 2 0 „ or 0.12 part of NH 3 per part of water-soluble P 2 O 3 in the super¬ 
phosphate. Thus, a concentrated superphosphate containing 42 per cent 
water-soluble P 2 0 5 would consume an amount of ammonia equal to 
about 5 per cent of the weight of the superphosphate during the first 
stage of neutralization. In the second stage of neutralization, dicalcium 
phosphate in the presence of water is converted into poorly defined basic 
calcium phosphates, perhaps amorphous in part, that simulate more or 
less closely the apatites. Because of the slight solubility of dicalcium 
phosphate, ammonia does not react with it as rapidly as with mono- 
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calcium phosphate; in fact, at the moisture levels customary in ferti¬ 
lizer practice, reaction is extremely slow at temperatures below 40° C. 
Accordingly, addition of ammonia normally causes premature forma¬ 
tion of diammonium phosphate, which later may react slowly with the 
dicalcium phosphate in the fertilizer pile. Ammoniated concentrated 



Fig. 5. Changes in composition of ordinary superphosphate caused by ammonia- 
tion (taken from Keenen, 1930). (1) Gypsum. (2) Monocalcium phosphate. (3) 
Monoammonium phosphate. (4) Dicalcium phosphate. (5) Precipitated tricalcium 
phosphate. (6) Ammonium sulfate. (7) Rock phosphate. 

superphosphate containing up to nearly 14 per cent NH S has been pre¬ 
pared experimentally in a closed container by the addition of anhydrous 
ammonia to superphosphate (47 per cent water-soluble P 2 0 5 ) at 100° C. 
Extensive formation of basic phosphate in the fresh material was not 
indicated below about 11 per cent ammonia. Even in highly am¬ 
moniated products water-soluble phosphorus is a principal constituent. 

Ordinary superphosphate is essentially a mixture of monocalcium 
phosphate and calcium sulfate. The first stage of neutralization of 
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moniation (taken from White et al 1935). 


the second stage of neutralization, dicalcium phosphate and calcium 
sulfate react with ammonia and monoammonium phosphate to form 
poorly defined basic phosphates and ammonium sulfate. The reaction 
runs more rapidly than that between dicalcium phosphate and am¬ 
monia, and, if sufficient calcium sulfate is present, the water-soluble 
phosphorus can be entirely eliminated by the addition of ammonia. 
This is the chief difference between ammoniated ordinary and concen- 
trated superphosphates at very high ammoniation. 
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Among the advantages to ammoniation of superphosphate in the 
production of mixed fertilizers is the possibility of using the cheapest 
forms of nitrogen and producing a material of improved physical con¬ 
dition. The only disadvantage is the fact, already noted, that ammonia¬ 
tion much above 0.12 part of NH 3 per part of water-soluble P 2 0 5 re¬ 
sults in the formation of less-soluble compounds of phosphorus. Parker 
(1931) immediately recognized the possible importance of these 
changes from the agronomic standpoint and prepared a critical review 
of all the then known experimental results on the availability of the 
precipitated phosphates and of ammoniated superphosphate. These 
data indicated that the phosphorus in ammoniated superphosphate is 
from 75 to 100 per cent as effective as that in superphosphate. In 1935, 
Williamson (1935) published the results of the most extensive in¬ 
vestigation that has yet been reported on the influence of ammoniation 
of superphosphate upon the nutrient value of the phosphorus. In this 
study 185 experiments were conducted on 12 different soil series in 
Alabama during the period 1931-1934. The data show that superphos¬ 
phate ammoniated to 2 per cent N gave a relative increase of 100, but 
that when it was ammoniated to 4 per cent the relative increase fell to 
85 compared to 100 as the increase from superphosphate. This work 
supported the observation of Ross et al. (1938) that including limestone 
to render the fertilizer mixture physiologically neutral increases the 
degree of reversion of phosphorus, when the mixture is ammoniated 
above 3 per cent. In the Alabama tests an average yield response of 53 
pounds of seed cotton resulted from the use of 200 pounds of dolomite 
per acre mixed with nonammoniated superphosphate; when the 
dolomite was used w r ith 4 per cent ammoniated superphosphate, how¬ 
ever, the increase fell to only 16 pounds. 

Among the sources studied by Salter and Barnes (1935) was super¬ 
phosphate, ammoniated to three different levels (2.90, 5.36, and 7.12 
per cent N) for greenhouse experiments and to two levels (2.5 and 5.0 
per cent) for field experiments. The results of this investigation show 
that the effectiveness of these forms as sources of phosphorus varied 
with both the degree of ammoniation and the soil reaction. When com¬ 
pared to superphosphate, the materials ammoniated below 3 per cent 
showed relative nutrient values ranging from 72 to 100 per cent for 
soil reactions between pH 5.5 and 7.0. When they were ammoniated 
to 5 per cent, the value was lowered at all pH levels. Increasing the 
degree of ammoniation to 7 per cent decreased the effectiveness still 
further. Both of the two highly ammoniated materials showed con¬ 
sistently less nutrient value as the soil pH was increased up to 7. 

The results described above have been, in general, substantiated by 
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be rationalized on the basis of the addition of 6 per cent 

superphosphate. According to Keenen ( ) , tricalcium 
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report, on average relative increases in yield. 


Degree of ammoniation, 
% NHt 


Short-season 
crops 

100 
98 
84 
76 
55 


Long-season 

crops 

100 

106 

101 

106 

98 


Millet, sorghum, and first cutting of Sudan grass were considered shorty 
season crops. Wheat and second cutting of Sudan grass wer 

^rTlXuention seems to have been devoted to field tests of the 
effect of degree of ammoniation on availability of concentrated super 
phosphate. No serious effects would be expected, however, in view of 
the high proportion of available phosphorus compounds P r «ent, a 
though a decrease in water-soluble phosphorus occurs. Rogers ( ). 

drawing on results obtained by a number of Southeastern States using 
nitric phosphates of different water-solubihties, concluded that there 
was no evidence on several crops for beneficial effect of water-soluble 
p O s above 10 per cent on the acid soils in this region. In the Western 
States, however, he found limited data indicating that materials having 
low water-soluble P 2 O s are less effective on alkaline soils than are the 

phosphates with a high water-solubility. 

As a result of repeatedly observed discrepancies between the avail¬ 
ability of the phosphorus in ammoniated superphosphate as determined 
by approved chemical methods and as determined by plant growth, a 
series of studies of the nature and extent of the errors involved was 
sponsored by the Association of Official Agricultural Chemists during 
the period 1931-1944. Andrews (1942) summarized this situation and 
quoted field data from several Southern States in support of the need for 
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a second change in chemical methods for measuring available P 2 0 s . 
The A.O.A.C. approved chemical method had been originally modified 
in 1932 to give higher results for available P 2 0„ in the ammoniated 
fertilizers primarily on the basis of results of tests of availability to 
crops of the individual components. Subsequently, it has been shown 
by Ross et al. (1947) that reactions occur during the ammoniation and 
storage of fertilizer mixtures that change the availability to plants of 
the phosphorus from that of the original component ammonium and 
calcium salts to a somewhat lower value. Results of the investigation 
reported by Ross and co-workers in 1947 showed that the presently 
approved A.O.A.C. chemical method gives high results for available 
P 2 0 5 at levels of ammoniation above 2 per cent and that the error be¬ 
comes greater as the degree of ammoniation is increased beyond that 
point. 

In light of the general agreement among the results that have been 
reported it appears that the following general conclusions can be drawn-. 
Ammoniation of ordinary superphosphate does not affect the avail¬ 
ability to plants of the phosphorus up to an ammonia content of about 
2 per cent. Addition of ammonia beyond that point results in a rela¬ 
tively small, though consistent, decrease in effectiveness as the per¬ 
centage of ammonia is increased. The ammoniation of concentrated 
superphosphate to a given level results in a much smaller reversion of 
the phosphorus, but few reports of agronomic evaluation of these 
changes have been published. 

III. Comparison of Materials Based on Absorption of Fertilizer Phosphorus, 

Using Tracer Technique 

The efficiency -of the various phosphorus sources as fertilizer mate¬ 
rials has been discussed, up to this point, on the basis of crop yields as 
the criterion of effectiveness. Recently the development of the tracer 
technique has furnished another means of evaluation. The use of fer¬ 
tilizers tagged with radioactive phosphorus provides a sensitive method 
for distinguishing between the portion of the phosphorus in plants de¬ 
rived from the fertilizer and that derived from the native supply in the 
soil, and thus offers another method of evaluating the relative avail¬ 
ability of the phosphorus in different materials. 

Beginning in 1948 a cooperative radiophosphorus field experiment 
program was undertaken in the United States among a number of state 
experiment stations and the United States Department of Agriculture. 
All tagged fertilizers for this program were prepared by the U.S.D.A., 
thus insuring uniformity of materials. The tagged phosphates that have 
been produced and tested include ordinary and concentrated superphos- 
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phate, superphosphate a ^ oniated , t0 leTaphosphate, 

calcitun phosphate, dicakium 

ammonium phosphate, and mtri p P f $ an a climatic 

««» in field and ,"«*»» ^‘^UUhrf. |«dies re, 

conditions, but most of the datai have f Blaser and 

ported by Hall (1949), Stanford and Nelson (19^1, ^ twenty _ nine 

McAuliffe (1949) as well aS States with five different crops grown 
experiments earned out in eight state phosphorus is ab- 

o/acid soils consistently show that * Lrce tested, 
sorbed from applied superphosphate as from a y tQ the p i an t 

Calcium metaphosphate tended to furnish mo p P somewhat 

than either di- or tricalaum ol. (1950) 

less than superphosphate. On supplied significantly larger 

found that monoammonium Phosphate supp SJ mon bcalcium 

amounts of phosphorus to wheat andIb-JrJJ to either of those 

phosphate and f £ nd that dicalcium phosphate fur- 

Sed less phosphorus showe ZZiluZ 

as £& 

generally furnished'less*phosphorus to^plants than did the other sources, 
flthoiich occasionally it furnished more than dicalcium. 

Yield data were also recorded in the radiophosphorus expenmen s 
referred to above, but a yield response to applied phosphorus was found 
at only about one-third of the locations. As in the case of the earlier ex^ 
periments cited in Table VIII, dicalcium phosphate and superphosphate 
were found to be equally effective on crop yields. On the basis of rela¬ 
tive percentages of fertilizer phosphorus absorbed by the plant, ho 
ever the availability of the phosphorus in dicalcium phosphate aver¬ 
aged only 68 per cent as great as that in superphosphate In these tests 
phosphorus availability apparently did not greatly affect the final yie . 

It should be clearly recognized that the tagged atom technique sun- 
ply provides another tool for use in studying some of the soil-fertihzer- 
plant relationships which are involved in the utilization of fertilizer 
phosphorus by plants. In the economic evaluation of phosphorus sources 
the final answer must be in terms of crop yields obtained on phos¬ 
phorus-deficient soils when used at practical rates of application. 

IV. Summary 

Superphosphate, which has been the dominant form of phosphate 
fertilizer for more than a century, still tops the list of carriers in avail- 
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ability to plants for a wide range of soil, climate, and crop management 
conditions. Concentrated superphosphate has become the preferred 
standard for rating other sources of phosphorus because it does not con¬ 
tain sulfur, which under some conditions accounts in part for the re¬ 
sponses obtained to ordinary superphosphate. The important com¬ 
mercial sources, semi-commercial, experimental, byproduct, and pure 
chemical forms of phosphate have been studied as sources of plant 
nutrient phosphorus. The various carriers when compared with super¬ 
phosphate rate about as follows: 

1. As a source of phosphorus, concentrated superphosphate is fully 
as effective on crop yields as ordinary superphosphate. 

2. Granulation of fertilizers is a spreading practice primarily be¬ 
cause of the improvement in physical condition which is accomplished. 
It has not been shown conclusively that there is any general agronomic 
value to granulation of superphosphate, although claims of crop re¬ 
sponses to granulation have been noted. 

3. The experimental data on raw mineral phosphates suggest these 
conclusions: 

a. Many of the field experiments show that raw phosphates can be 
used with profit on acid soils that are deficient in phosphorus. In 
a majority of cases, however, superphosphate appeared to be a 
more economical source. 

b. In tests where raw phosphates were most effective, from two to 
three times as much P 2 0 5 was required in this form to give yield 
increases equal to those obtained from superphosphate. 

c. The raw phosphates appear to differ somewhat in availability. 
In general, colloidal phosphate and rock phosphate give the same 
results when applied on an equivalent P 2 0 5 basis. 

d. Crops vary a great deal in their ability to feed on raw phosphates. 
Some of the legumes such as sweet clover, alfalfa, and red clover 
are strong feeders on raw phosphates, while nonlegumes, espe¬ 
cially wheat, are not strong feeders. In general, short-season 
crops are not so responsive to raw phosphates as long-season and 
perennial crops. 

e. Liming will decrease the effectiveness of raw phosphates, espe¬ 
cially for crops that are not strong feeders. If legumes are grown 
in the rotation, only enough lime should be used to give optimum 
yields of the legumes. Raw phosphates are of little or no value 
when applied to calcareous soils. 

/. Organic matter appears to have little or no solvent action on raw 
phosphates. Heavy applications of manure may appear to in- 
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crease the effectiveness of phosphates by lessening the nee. 

additional phosphorus. residual value than 

g- Where raw u P h 0 S P hat6S nhosphates were applied at much higher 
superphosphate, the raw phosphates were f 

rates of P 2 O 3 . 

4. Mono-, di-, and tricalcium phosphate rank ™ ^ £^op 

^ effectiveness on alkaline or « ^ On^he ^ P 

yields, however, dicalcium phosphate is fully OSDhate on acid to 

phosphorus as is monocalcium phosphate or SU P P P than either 
neutral soils. Tricalcium, on the other hand, is less effective 

the mono- or dicalcium salts. CQ a 40-mesh 

5 Fused tricalcium phosphate, when ground p i 

deve chares f.vor.bl/wilh „p,rpho S pha K as 
u ’ . L white clover-grass mixtures on the acid soils of the boutn 

eastern United States. On the other hand, this product has g?ven ^95^ 
TncrZe values of 92 on small grain as an average of 
corn at 46 locations, and 86 on cotton at 13 locations, es 
or calcareous soils show conclusively that this is not a satisfactory 
Z£rSr*~ conditions. Calcined phosphates have performed 
similarly to fused tricalcium phosphate when materials of approxi- 

matelv the same fineness were compared. 

6 The metaphosphates are generally satisfactory as sour 
phosphorus on the more important agricultural soils of the hum, 
region Calcium metaphosphate is not so dependable a source of phos¬ 
phorus for alkaline soils as the water-soluble phosphates, although mor 
favorable results have been obtained with it on calcareous soils than 

with di- or tricalcium phosphates. 

7 Basic slag has been more effective as a source of phosphorus lor 
corn winter legumes, and pastures than for cotton and small gram. 
For the latter crops this product has produced yield increases ranging 
between 83 and 95 per cent of the increase obtained with superphos- 


8 Bone meal has been less effective on heavily limed soils and has 
ranged in value from about 80 to 98 per cent as effective in increasing 
yields of crops as superphosphate on more-acid soils. 

9. Rhenania or silicophosphate was as effective as superphosphate 
on root crops such as swedes and potatoes in tests in Great Britain on 
soil with pH less than 5.5. On less-acid and neutral soils, superphos¬ 
phate was superior. 

10. Rock phosphate-magnesium silicate glass has been found to be 
an unsatisfactory source of phosphorus on alkaline soils or for quick- 
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growing vegetable crops on moderately acid to neutral soils of the 
Northwest 

11. Liquid phosphoric acid, sodium and potassium phosphates, and 
a large group of miscellaneous inorganic phosphates appear to be good 
sources of plant nutrient phosphorus. 

12. Most of the organic phosphates tested appear to be about as 
available to plants when added to soils as monocalcium phosphate. 
Triethyl, tricresyl, and triphenyl phosphates are exceptions. 

13. The ammonium phosphates are well adapted to alkaline soils 
and are good sources of phosphorus on acid soils when their residual 
acidity is neutralized with limestone. 

14. The phosphorus in the nitric phosphates appears to be as effec¬ 
tive as superphosphate for corn, cotton, and small grain on acid soils of 
the humid regions. 

15. Ammoniation of ordinary superphosphate, up to a nitrogen 
content of about 2 per cent, does not affect the availability of the phos¬ 
phorus to plants. Additional ammoniation produces a small but con¬ 
sistent decrease in phosphorus availability. Ammoniation of concen¬ 
trated superphosphate to a given level results in much smaller reversion 
of the phosphate. 

16. Absorption data obtained by use of the tracer technique have 
rated several of the phosphates as follows: Superphosphate = am¬ 
monium phosphate > calcium metaphosphate > dicalcium phosphate 
> tricalcium phosphate. Marked differences in the availability of 
superphosphate and dicalcium phosphate as expressed in percentage of 
fertilizer phosphorus absorbed by plants have not been reflected in crop 
yields. 
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Chapter VIII 


Soil Management Practices in Relation to 
Phosphorus Availability and Use 

GEORGE STANFORD and W. H. PIERRE 


I. Introduction 

In the broadest sense it may be said that most soil management 
practices affect, either directly or indirectly the uUbzaUon of phos¬ 
phorus by plants and the efficient use of phosphorus fertilizers. For 
purposes of this discussion, the more important of these practices can 
be grouped into two general categories. First, there are those that in¬ 
fluence directly the availability of native or applied phosphorus. Among 
these the ones that have been more fully recognized and investigated 
are- (a) liming, (b) the application of manures and. crop residues fcj 
the rate, time, and frequency of phosphorus applications, (d) the place¬ 
ment of the fertilizer, and (e) cropping and erosion control practices. 
Secondly, there are those practices that do not affect phosphorus avail¬ 
ability directly but affect the need of the crop for phosphorus and its 
ability to get phosphorus from the soil. Among these are: (a) the ap¬ 
plication and availability of other nutrients, (b) the crops grown in the 
rotation, and (c) irrigation and drainage, as they affect not only total 
growth and needs but also root distribution. 

This grouping is to some extent arbitrary, since the practices in the 
two groups are neither mutually exclusive nor unrelated. Liming, 
manuring, and fertilization, for example, supply other nutrients and, 
therefore, indirectly affect the need and utilization of phosphorus by 
plants. Conversely, drainage and irrigation not only affect phosphate 
availability indirectly, but also, by influencing aeration and moisture 
supply, alter the chemical and positional availability of native and 
applied phosphates. 

This discussion will be limited primarily to the practices in the first 
group that are not discussed specifically by other contributors to this 
symposium. Liming is discussed in Chapter IX, and cropping and ero¬ 
sion control practices in Chapter XIV. Neither will any attempt be 
made to discuss the various factors affecting phosphorus availability 
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except as they relate to specific practices, since these factors are dis¬ 
cussed in earlier chapters (Chapters II, III, IV, and V). Special attention 
will be given, however, to the relation of subsoil phosphorus to the effi¬ 
cient use of fertilizers and to practices that may be effective in increas¬ 
ing the availability of phosphorus in subsurface or subsoil horizons. 

II. Additions of Organic Materials 

1. Phosphorus Supplied by Organic Materials 

The phosphorus nutrition of plants is influenced in various ways by 
the addition of organic materials to the soil. The phosphorus directly 
contributed through green manures, crop residues, and farm manure, 
as well as the direct or indirect effects of these materials upon the avail¬ 
ability of phosphorus applied in commercial fertilizers or present in the 
soil, merit special consideration in a discussion of soil management 
practices affecting phosphorus use. 

The problem of predicting the behavior of phosphorus returned to 
the soil in organic materials is complicated by several factors. The rela¬ 
tive rates of immobilization of inorganic phosphorus and mineralization 
of organic forms undoubtedly exert considerable influence on the 
amount of phosphorus available to the plant at various stages of decom¬ 
position of the added materials. As pointed out in Chapter V the net 
effect of these opposing microbiological transformations is determined, 
to a considerable extent, by the amount and nature of the phosphorus 
in the materials, the carbon: phosphorus ratio, the carbon: nitrogen 
ratio, and the nature of the carbon constituents, as well as by various 
environmental factors. A further complication is that microbial activity 
may enhance the rate of release of phosphorus from native or residual 
forms of phosphorus in soils. 

Recent developments with the use of radiophosphorus have opened 
new avenues of approach to this important problem. Using radiophos¬ 
phorus, certain investigators have been successful in determining the 
amount of phosphorus which is directly contributed to growing plants 
by added plant materials or farmyard manure, as distinct from that 
which is supplied by the soil itself. Moreover, the possibility of gaining 
a more thorough understanding of some of the indirect effects of organic 
matter additions upon the availability of applied as well as native forms 
of phosphorus, has been clearly indicated in certain of these investiga¬ 
tions. 

a. Green Manures and Crop Residues. Through the use of plant 
material containing phosphorus tagged with P 32 , certain investigators 
recently have found that the availability of phosphorus in certain plant 
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materials may compare favorably with that of s «P er P h °*P^^ ^eat 
and Dean (1949) found that the green manure phosphorus fr0 “ ™ 
tops and roots was about 70 per cent as efficient as superphosph 
where these materials were mixed with the soil under gree ou 
ditions. Where the plant material was placed in layers to s ^ ate ^ 
application, the per cent utilization of phosphorus exceeded thatfro 
superphosphate apphed on an equivalent phosphorus basis. M ° re 
cently Fuller and Rogers (1951) found that, as a source of phosphorus 
to rye grass on calcareous soils, barley straw was better than superphos¬ 
phate. Likewise, White, Fried, and Ohlrogge (1949) found that alfalfa 
was as effective as potassium dihydrogen phosphate during a 5-week 
period following incorporation of the green manure. Nielsen (19^), 
on the other hand, found that a somewhat lower percentage of the phos¬ 
phorus apphed in ground alfalfa green manure was taken up by corn 
plants than from the fertilizer. 

As stated earlier, there are several factors which may influence the 
rate at which phosphorus in added plant materials is made available to 
the crop. The proportion of phosphorus present in the inorganic form 
undoubtedly is of importance. The content of inorganic phosphorus in 
plant materials may be relatively high as, for example, in the studies 
of Fuller and Dean (1949) and Fuller and Rogers (1951), where 50 to 
70 per cent of the phosphorus occurred in inorganic form. This phos¬ 
phorus fraction would be expected to be equally as available to plants 
as that supplied in superphosphate. In fact, there is some evidence (see 
Section II.2.b) that the inorganic plant phosphorus would be Fixed to a 
lesser extent, because of the influence of the intimately associated or¬ 
ganic material, than that added in the fertilizer. 

Still another aspect of the problem concerns the effect on phos¬ 
phorus availabilty of turning under residues high in carbon and low in 
phosphorus content. Such materials not only would supply little phos¬ 
phorus directly but might appreciably reduce the supply of available 
soil phosphorus for an indefinite period. This has been demonstrated, 
for example, by Papadakis (1947), who concluded that the adverse 
effect of added straw on plant growth was due to the immobilization of 
inorganic soil phosphorus by microbial action. One of the difficulties en¬ 
countered is that of predicting how long a period of time must elapse 
before net immobilization gives way to net mineralization of phos¬ 
phorus. As discussed in Chapter V, a knowledge of the carbon:phos¬ 
phorus ratio does not provide a wholly satisfactory basis for such a 
prediction. Proper control of factors such as supply of available nitro¬ 
gen and other nutrients, pH of the soil, and aeration should favor earlier 
release of the phosphorus by increasing the rate of decomposition. 
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Some interesting results relating to these factors have been obtained 
through the use of plant materials tagged with radiophosphorus. Fuller 
and Dean (1949), using heavy applications (20 to 30 tons per acre) of 
acid-extracted soybeans and wheat tops, containing 0.15 and 0.11 per 
cent phosphorus, respectively, noted very marked reductions not only 
in yield but also in phosphorus uptake by the rye grass. Interpretation 
of the results is complicated by the fact that acid extraction not only 
removed the inorganic phosphorus but also widened the carbon‘.phos¬ 
phorus ratio of the plant material. With advancing stage of maturity 
of barley hay added to calcareous soils, Fuller and Rogers (1951) ob¬ 
served a reduction in phosphorus uptake by rye grass. This effect might 
be attributed, in part, to a widening of the carbon: phosphorus ratio 
and to changes in the nature of the carbon constituents. 

From the preceding discussion it is evident that further compre¬ 
hensive investigations employing radiophosphorus are needed to 
evaluate phosphorus availability in green manures in relation to soil 
and environmental factors which influence decomposition of organic 
materials and phosphorus availability. 

b. Farmyard Manure. In the moist state farmyard manure may be 
expected to contain about 4 to 6 pounds of P 2 0 5 per ton, the actual fig¬ 
ure being dependent upon the source, the proportion and kind of litter 
used, the stage of decomposition, and the extent to which loss of water- 
soluble forms of phosphorus has occurred. Salter and Schollenberger 
(1939) concluded that the availability to plants of phosphorus in farm¬ 
yard manure is equal to, or in some instances exceeds, that applied in 
chemical fertilizers, although Stewart (Chapter XIV) considers that 
chemical sources are superior. The occasionally observed superiority 
of the manure phosphorus over chemical forms has been attributed to 
various indirect effects (Salter and Schollenberger, 1939; Dalton et al. f 
1952). 

Studies at Cornell University in which manure tagged with radio¬ 
phosphorus was employed have shown a relatively high availability of 
manure phosphorus to plants. McAuliffe et al. (1949) reported the first 
experiment of this kind in 1949. Utilization of phosphorus in sheep 
feces, labeled with P 32 , was compared with that utilized by Italian rye 
grass from tagged superphosphate. It was found that the availability of 
phosphorus from these two sources was nearly the same. Similar results 
were obtained more recently by McAuliffe and Bradfield (1952) in a 
study conducted in outdoor concrete frames. At the end of 27 days, 
Sudan grass had derived essentially the same percentage of its phos¬ 
phorus from cattle manure as from superphosphate. With the next two 
cuttings taken at 48 and 69 days after planting, the availability of the 
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Vin«nhorus from manure exceeded that from superphosphate on all 
foils ^the basis for comparison being the percentage of phosphorus in 
the plant derived from these two sources. This may e ex P 1 
nart^however by the fact that the manure supplied somewhat hig 

r—TpUhoru, (.pprwtauttly .» 

p Os per acre from superphosphate). As in the earlier study tn 
manure contained a rather high proportion of inorganic phosphorus 
, 77 4 per cent), and there was no litter mixed with the manure. 

According to these investigations, therefore, reduction m avail¬ 
ability of phosphorus in manure due to immobilization is not ey o 
be of much consequence where decomposable litter has not been in¬ 
cluded. However, immobilization may be a factor in cases where straw 
or other such litter is used in large quantity, as pointed out by Kaila 
(1949) and indicated in the previous discussion of green manures an 

crop residues. 


2. Indirect Effects on Phosphorus Availability 

a. Native Soil Phosphorus. Various statements may be found in the 
literature to the effect that the turning under of green manures or farm¬ 
yard manures increases the availability of soil phosphorus to plants. It 
is not often, however, that such conclusions are substantiated by ex¬ 
perimental data. 

Various investigators have attempted to deduce the cumulative 
effects of green manures, crop residues, or farmyard manures applied 
to field plots upon the availability of soil phosphorus (Kubota et al, 
1947; Reynolds and Smith, 1946; Moser, 1942; Royer et al., 1948; 
Copeland and Merkle, 1942). The results have been inconclusive in 
most instances because of inherent weaknesses in the experimental de¬ 
signs; in certain instances, the solubility of phosphorus in various 
chemical extractants constituted the chief criterion for assessing 
changes in the soil phosphorus status. It is recognized that certain 
difficulties are encountered in designing suitable experiments for dis¬ 
tinguishing between the effects of organic matter as such and its in¬ 
direct effects on the availability of soil phosphorus. Factorial experi¬ 
ments in which it is possible to determine the interaction of manure 
and phosphorus effects under different soil conditions hold some 
promise. Results from three such experiments being conducted in Iowa 
thus far indicate that an application of 6 tons of manure every 3 years 
in a rotation of com, oats, and meadow has been more effective than an 
approximately equivalent amount of phosphorus supplied as ordinary 
superphosphate, both as reflected in yields and phosphorus uptake by 


com. 
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It has long been recognized that carbon dioxide production in soils 
may bring about increased availability of the soil phosphorus. Mc- 
George (1939) and McGeorge and Greene (1935) considered that the 
beneficial effect of applying organic materials to calcareous soils could 
be explained to a considerable extent by the action of the carbon 
dioxide liberated and the accompanying reduction in pH value of the 
soil. Stephenson (1938) also concluded that carbonic acid is of con¬ 
siderable significance in neutral or calcareous soils; but that it exerts 
little solvent action on soil minerals in acid soils. Recent evidence 
presented by Gerretsen (1948), however, suggests that the action of 
carbon dioxide in solubilizing phosphate compounds may extend over 
a rather wide range of soil conditions. The evidence, therefore, is rather 
convincing that carbon dioxide production in well-aerated soils exerts 
a favorable influence on phosphorus availability. 

Of equal or possibly even greater significance is the evidence that 
other compounds resulting from organic matter decomposition may 
also be active in making soil phosphorus more available. Jensen (1917) 
concluded that water extracts of decomposing plant materials were 
much more effective than water in dissolving phosphorus from soils. 
Since then humus extracts from soils or composts have been reported 
by a number of investigators to increase the solubility of phosphorus in 
soils (Boischot and Sylvester, 1949; McGeorge and Greene, 1935; 
Chaminade and Vistelle, 1947; Swenson et al ., 1949) or to increase its 
availability to plants (Chaminade and Blanchet, 1952); and a number 
of mechanisms have been proposed to explain the action of so-called 
humic substances on phosphorus solubility. Chaminade (1943) and 
Chaminade and Blanchet (1952) have ascribed the beneficial action to 
formation of phosphohumic complexes; the phosphorus in these com¬ 
plexes is regarded as being more assimilable by plants than that of 
difficultly soluble soil phosphorus compounds. Anion replacement or 
competition between humate and phosphate ions for seats on adsorbing 
surfaces also has been proposed to explain the benefits derived (Boischot 
and Sylvester, 1949; Barbier et al , 1951). Gaarder and Grahl-Nielsen 
(1935) found lower amounts of water-soluble phosphorus in soils 
poorly supplied than in soils well supplied with organic matter; this 
difference was evident over a wide pH range. They suggested that 
humus colloids form protective coatings over the colloidal sesquioxides, 
thus reducing the phosphate-fixing capacity of the soils. 

Attempts at explaining the role of humus preparations in rendering 
soil phosphorus available to plants have always been hampered by in¬ 
sufficient knowledge concerning the chemical constituents responsible 
for the action and the nature of the specific reactions which might be 
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involved. In recent investigations at the Massachusetts 

>SS~s^sS:^sS 

SSSsHSHSiii 

duce fixation of added phosphate ions, but also bring a . .■ tion 

of native iron and aluminum phosphates. In a systema ic .. 

° th P reolacinR ability of various organic anions, Struthers and Sieling 

(1950) observed that those anions which were most ef J ecUve 
placing phosphate-citrate, oxalate, tartrate, palate, and malonate- 
are alS) the ones which are probably produced m abundance during 
Hpromposition of organic matter by microorganisms. 

Evidence has also been obtained that pectic acid and galacturomc 
acid act as very effective complexing agents in vitro (Sieling an 
Struthers, 1950; Bradley and Sieling, 1953). The possible sign 
of this finding is at once evident, since pectin is found in all plant ti 
sues and galacturonic acid is one of the products resulting from hy¬ 
drolysis of pectin. Further, these workers call attention to the occur¬ 
rence of uronides in soils in considerable amounts and the possible 
importance of these substances in mobilizing phosphorus. 

A few studies have been conducted in order to determine whether or 
not the beneficial action of organic matter additions upon solubility of 
soil phosphorus, as indicated above, is reflected in increased phosphorus 
uptake by plants. This is not easily demonstrated where organic ma¬ 
terials contain phosphorus, except possibly through the use of materials 
tagged with radiophosphorus. Recognizing this difficulty, Dalton et al. 
(1952) in some recent work used phosphorus-free starch and glucose 
and found that the total phosphorus uptake from an acid sandy loam 
soil by six cuttings of Ladino clover and one crop of corn was practically 
the same as that recovered from a 160-pound P 2 0 5 application as 
KH 2 PO«. Pectin alone had little influence on phosphorus uptake from 
the soil, although laboratory studies showed pectic acid to be an effective 
complexing agent with iron and aluminum (Sieling and Struthers, 
1950). Since all three materials, however, exerted pronounced effects 
on the availability of phosphorus in rock phosphate, it seems possible 
that the beneficial effects were due to increased C0 2 production. 

Certain studies, using plant residues tagged with radiophosphorus, 
also show that utilization of soil phosphorus was increased by incorpora¬ 
tion of green manures (Fuller and Dean, 1949; Nielsen, 1952); others 
have shown no such effect (Fuller and Rogers, 1951; McAuliffe et al.. 
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1949, 1952). The results of Nielsen (1952) are of particular interest. 
He found that ground alfalfa placed in Wooster silt loam soil enabled 
the corn plants to obtain considerably more soil phosphorus than when 
an equivalent amount of phosphorus was applied as KH 2 P0 4 . He points 
out that the dissolution of iron and aluminum phosphates by organic 
acids produced during decomposition may have accounted for the in¬ 
crease; he suggests also that the solubility of calcium and magnesium 
phosphates might have been increased in areas of high carbon dioxide 
evolution from the decomposing alfalfa. The soils were taken from 
plots which ranged in pH from 6.3 to 6.8; thus, the presence of calcium 
and magnesium phosphates is indicated. Further investigation is needed 
to clarify the release mechanisms involved. 

It is well established that increases in phosphorus availability often 
are associated with liming (see Chapter IX). It is also well known that 
liming stimulates microbiological activity. Struthers and Sieling (1950) 
have suggested that the increases in phosphorus availability associated 
with liming of acid soils may be due primarily to the presence of greater 
quantities of organic anions produced as a result of stimulated micro¬ 
biological activity. This might explain in part the fact that in some soils 
liming does not greatly increase phosphorus availability (Struthers and 
Sieling. 1950; Aslander, 1950). Aslander (1950), in Sweden, takes the 
interesting view that liberal application of phosphorus with manure 
may eliminate the need for liming, even under very acid soil conditions. 
Evidently there is a need for carefully investigating, under different 
soil conditions, the interaction of lime effects with organic anion effects 
in order to determine whether or not these factors operate independ¬ 
ently in raising the level of available phosphorus supplied to plants. 

On the basis of the available evidence, it is clear that the addition of 
organic materials to soil may increase the availability of native soil 
phosphorus. Of particular interest is the hypothesis that organic anions 
capable of hastening the solution of iron and aluminum phosphates are 
present in soils. It has not been demonstrated, however, that organic 
acids are produced or persist in sufficient abundance to account for ap¬ 
preciable effects on phosphorus solubility in soils. 

b. Fixation of Applied Phosphorus. Certain of the mechanisms 
which have been proposed to account for the beneficial effects of organic 
matter on solubility of native soil phosphorus also may explain the 
reduction in fixation of applied phosphorus which often occurs when 
organic matter is added to soil. 

Various investigators have clearly demonstrated that organic matter 
additions reduce the capacity of soils to fix added phosphorus as de¬ 
termined by recovery of phosphorus by various extracting reagents 
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(Rhoades, 1939; Barbier et al., Studying the 

et al 1950). Almost twenty years ago, Steele (19 1 bv various 

influence of various organic anion *° n P>JJ ids were effective 
soil colloids found that citric, oxalic, and hum m investiga . 

in reducing fixation of added phosphates. The™ and Dal- 

2S £#E£S*.—t »e very effective 

« ii appreciable 

r^r^pS.3» 8 evidence the. .he beneficial effect of 
“^c matter may" be explained in par. by i.a effect m ntcrea.tng the 

TSSStS Ct'T.945, h„ been parncnlarly 

valuable in .hotving that superphosphate is much more effect™ ™ 
intimately mixed with manure prior to application than when thes 
materials^are applied separately. In one experiment on an acid B hori¬ 
zon of a podsol, the yield of tomatoes was three times greater with mix¬ 
ing than P with separate application. A comparison of these two method 
of applying 20 per cent superphosphate (500 pounds per acre) 
manure (10 tons per acre) on a wide range of soils under greenhouse 
conditions showed that the advantage of intimate mixing was greatest 
on soils possessing rather high phosphorus-fixing capacities^ Confirming 
results were obtained in a number of field experiments. These workers 
consider that the beneficial effects of mixing superphosphate and ma¬ 
nure result from a reduction in exposure of the phosphate to fixing 
agents in the soil. Similarly, Hester and Shelton (1937) demonstrated 
some striking increases in the effective use of superphosphate by plants 
from adding various organic materials to a Norfolk fine sandy loam 
containing a low content of organic matter. From a practical standpoint, 
therefore, the relationship of phosphorus fixation to organic matter ap¬ 
pears to be important, although the mechanisms involved are not 

yet clear. 


III. Rate, Time, and Frequency of Application 

The efficient use of phosphorus fertilizers depends not only on soil 
deficiency and crop requirements but also on the factors of rate, time, 
and frequency of application, as well as the method of application. 
These latter factors all influence phosphorus availability in soils largely 
by affecting the degree and rate of fixation of the applied phosphorus. 
Because they are closely related in practice, it is often difficult to eval¬ 
uate their separate effects. Moreover, any one of these factors may 
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greatly affect the importance of another. For example, the importance 
of time may be greatly influenced by the rate or method of application, 
and vice versa. 

1. Rates of Application and Residual Values 

Ideally, phosphate fertilizers should be applied at rates which result 
in maximum financial return. This optimum level of fertilization is 
reached when the value of the increase in crops resulting from a small 
additional increment of fertilizer is equal to the costs involved in pro¬ 
ducing the extra increment of yield (Crowther and Yates, 1941). This 
concept assumes that capital is not a limiting factor. It should not be 
confused with the more generally accepted view that most efficient use 
is attained when the rate of application is such that the ratio of value 
of crop increases to fertilizer costs, taking other costs into account, is 
near the maximum. In either of these approaches, the rate of phosphate 
application is determined by the responsiveness of the soil to phosphate, 
the cost of fertilizer, the value of the crop, and additional costs (plant¬ 
ing, harvesting, and marketing, for example). 

According to another view, less widely accepted, it is held that the 
phosphorus status of the soil should at once be built up to some desired 
level, which may be considerably beyond that required for maximum 
yields. An attempt is then made to maintain this level by periodic appli¬ 
cations of phosphorus (Truog et al ., 1945). This concept has been vari¬ 
ously justified on the basis that a heavy initial fertilizer application 
essentially constitutes a capital investment; and that residual effects 
from heavy application may be relied upon to supply the phosphorus 
needs in case of short fertilizer supply or adverse economic conditions. 

The writers do not propose to present arguments for or against the 
general concepts regarding rate of application here outlined, or the 
various modifications of these which might be considered. Such a dis¬ 
cussion revolves around economic as well as agronomic principles. The 
first requirement, of course, is to establish a firm foundation, based on 
suitable experimental evidence, for evaluating any and all systems of 
fertilizer use. Some of the questions which need to be answered more 
fully are: What is the relation between response and rate of phosphorus 
application for different crops grown on different soils? How are re¬ 
sponses related to time and frequency of application, placement of 
fertilizer, drainage, irrigation practices, and various other soil and crop 
management practices? What are the magnitude and duration of resid¬ 
ual effects obtained from various rates of phosphorus fertilizer appli¬ 
cation, and how do these affect response to subsequent phosphorus ap¬ 
plications? These are some of the more important questions that must 
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hp answered as the agronomist joins with the economist in working out 
realistic systems of efficient phosphorus use based on quantitative data. 

There is ample evidence that many farmers are applying ph 
chorus fertilizers at rates which are considerably lower than those 
needed to give maximum returns, under existing economic condition . 
The ratio of farm prices to fertilizer prices is extremely favorable, and 
this situation is apt to continue. In view of this situation, it is to be ex- 
n ected that many farmers will continue to increase the rates of phos¬ 
phorus fertilizer applications in the direction of securing maximum 

financial returns. 

Application of phosphorus fertilizer in amounts greater than are 
utilized by the crops must inevitably result in an accumulation of total 
and available phosphorus in the soil if soil erosion is controlled. Ihe 
value of these accumulations in terms of residual effects on crop yield 
has not been thoroughly investigated for a wide range of conditions. At 
present, in this country, the residual value of previous phosphorus ap¬ 
plications is largely ignored in landlord-tenant relationships, P rin “ 
cipally because there is little sound basis for evaluating it in terms of 
magnitude and duration of expected crop yield increases. This con¬ 
stitutes a serious obstacle to the adequate and efficient use of fertilizers 
on the many tenant-operated farms in this country. 

The magnitude of the residual effect may be extremely low in cer¬ 
tain instances, even with large applications of phosphorus. As an ex¬ 
treme example, McAuliffe et al. (1951) reported that applications of 
1000 and 2000 pounds per acre of 20 per cent superphosphate to two 
cilt loam soils in New York in 1941 showed very small residual effects 
in 1949, as reflected in growth and phosphorus uptake from the soil by 
oats and by soil tests for available phosphorus. Williams (1950) also 
noted large losses in the effectiveness of superphosphate applied to acid 
soils. In other instances, however, residual or cumulative effects from 
past applications of phosphorus have been found to be appreciable. 
(Rich et al., 1947; Pierre, 1938; Bushnell, 1950; Volk, 1945; Peech, 
1945; Robinson and Pierre, 1938; Weeks and Miller, 1948.) Scattered 
evidence obtained on certain western and midwestern calcareous soils 
indicates that residual effects from superphosphate applications also 
may be rather large (McGeorge and Breazeale, 1936; Converse, 1948; 
Stanberry, 1948; Lyons et al., 1944; Larson et al., 1952). Relatively 
high residual effects from superphosphate, applied at a rate as low as 60 
pounds P 2 0 5 per acre, are evident in the data of Table I. On the cal¬ 
careous soils of Alabama, however, Scarseth (1932) found low residual 
effects even from rather large applications. (See also Chapter XIII.) 

In general, it is to be expected that residual effects will be relatively 
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TABLE I 

Effect of Varying the Frequency and Rate of Applying Treble Superphosphate 
on Crop Yields in a Rotation of Corn, Oats, and Two Years of Alfalfa- 

Brome Grass Meadow* 

(Ida silt loam, pH 7.8) 


Treat¬ 

ment 

Treatment 



Yields 



PtO> 
applied, 
pounds J acre 

Crop 

fertilized 

Oats, 

bushels/acre 

Meadow, ions J acre 

1st- 2 nd- 

year year Total 

Corn, 

bushels/acre 

1 

None 


22.8 

0.70 

0.92 

1.62 

15.3 

2 

60 

Oat a 

41.9 

1.96 

1.78 

3.74 

26.2 

3 

120 

Oats 

46.6 

3.24 

2.72 

6.96 

36.5 

4 

240 

Oats 

47.1 

3.18 

3.75 

6.93 

62.4 

5 

60 

Oats 







60 

2nd-year meadow 

39.6 

2.44 

3.60 

6.04 

45.4 

6 

60 

Oats 







60 

Corn 

38.2 

2.88 

2.61 

5.49 

55.6 


• Two-year average yields are given for oats and corn; only 1951 yields of meadow are given, since complete 
data are not available for 1950, as a result of winter-killing. 


low on acid soils and will be increased by liming, although the relation¬ 
ship will vary depending on the nature of the soil. It is evident, how¬ 
ever, that there is a need of more basic data on the residual effects of 
phosphorus fertilizers applied at different rates. The method for evalu¬ 
ating availability of soil phosphorus recently proposed by Fried and 
Dean (1952) appears to hold some promise as a means of studying 
both the magnitude and duration of residual effects from previous 
phosphorus applications. 

2. Time of Application 

Increasing interest is being expressed by agronomists, those in the 
fertilizer industry, and farmers alike in the feasibility of applying 
phosphorus fertilizers within the period of several months prior to 
planting the crop. There are various reasons for this interest, most of 
which are based on economic considerations. It would be economically 
advantageous to the manufacturer and to those engaged in bulk spread¬ 
ing of fertilizers, for example, to extend the period of fertilizer applica¬ 
tion. Greater flexibility with respect to time of application oftentimes 
would enable the farmer to use his supply of labor more efficiently. 
Fall applications, for example, would lessen the work load at the critical 
period of planting the crop in the spring. These few considerations serve 
to point up the practical importance of considering time of fertilizer 
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T u„ nrpsent discussion will be concerned primarily with 

(21 applications to established meadows or pastures. 

Cr ° P The^ ed P amount of work on this problem indicates considerable 

va riISon" e“eduction of availability of phosphorus ^ihzer ap- 
led several months prior to planting the crop. Thus, Scarseth (1932) 
f 1 md that applying 250 pounds per acre of superphosphate at the tun 
rlX SCns on P iom« Al.bam. clay .oil, produced .. juuch 

p-owlh as 1000 pounds applied 6 months before P>*” t,n * " * ^ 

^use study of six Iowa soils ranging in pH from 5.1 to 7.6, Bower 
(1945) found that the response of oats to a 200-pound per acre app i < 
tion of superphosphate was 23 to 46 per cent less when mixed with the 
soil 3 months before planting than when applied at planting time. - 
greater*reductions w-ere obtained by Thorne (1941), using the tomato 

plant 6 as the test crop. On the other hand, several workers concluded 

from their studies on some western calcareous soils (Lewis et ah, 1950, 
Wursten, 1948) that a difference of several months in time of appli 


tion was of little importance. . , . 

There are a number of factors which influence the relation between 

time of application and effectiveness of applied phosphorus fertilizer, 
but the most important is undoubtedly the fixation capacity of the soil. 
On acid soils, liming is of primary importance in reducing phosphorus 
fixation (Chapter IX). Another important consideration is the rate ot 
application. Thus, if the rate of application is in excess of that required 
for maximum efficient use by the crop in question, there may be no 
apparent or measurable difference in effectiveness, whether the phos¬ 
phorus is applied in the fall or at time of planting in the spring. In such 
a case, measurements of residual effects on succeeding crops are neces¬ 
sary in evaluating the practices. There is also the effect of placement of 
the phosphorus fertilizer on the loss of effectiveness during the first few 
months after applications are made. Thus, band placement can be ex¬ 
pected to result in a greater residual effect than mixing the phosphorus 
with the soil. Another important consideration is that any advantages 
associated with specific placement of phosphorus fertilizer with respect 
to the seed at time of planting on certain crops is largely lost as a result 
of early applications, as discussed in Section IV.2.a. From the practical 
standpoint, therefore, the gains in economy and convenience that result 
from early application need to overbalance any losses in effectiveness of 
the phosphate if the objective is to secure maximum profitability of the 


phosphorus applied. 

The problem of when to apply phosphorus fertilizer to established 
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pastures or meadows involves considerations which are not encountered 
in fertilizing annual crops. On established stands, the phosphorus usu¬ 
ally is top-dressed or drilled. In the latter case, contact between soil and 
fertilizer is reduced to a minimum, which should also minimize phos¬ 
phorus fixation. Moreover, recent work shows that during the period of 
active growth the phosphorus from broadcast applications is quickly and 
effectively utilized by the crop under favorable soil moisture conditions 
(see also Section IV.2.b). Cook (1951) found no differences in response 
of alfalfa to a top-dressing of 300 pounds of 0-16-0 per acre, whether 
the fertilizer was applied in July or in October of the preceding year, or 
in April of the year in which yields were measured. Similar results 
were obtained by Lyons et al. (1944) in drilling superphosphate on 
alfalfa stands. 

3. Frequency of Application 

The problem of frequency of application in the rotations or to 
permanent pastures is of importance throughout the range of phos¬ 
phorus-deficiency levels encountered in soils. Even with soils in the 
range of slight deficiency, there is the question of properly placing 
small quantities of phosphorus on certain crops to achieve so-called 
“starter” effects, i.e., early growth stimulation; examples are the use of 
starter fertilizer solutions with tomatoes and light hill or row applica¬ 
tion for corn. As the need for phosphate fertilization becomes more 
pronounced, the importance of frequency of application in relation to 
phosphorus effectiveness becomes progressively greater. Also, it is evi¬ 
dent that frequent applications are likely to be more important with 
soils of high fixing capacities. 

Very few comprehensive experiments have been reported in which 
comparisons have been made between splitting the application of a given 
quantity of phosphorus among all crops in the rotation versus applying 
all at once or to particular crops in the rotation. Results of ari experi¬ 
ment being conducted in Iowa on a calcareous Ida silt loam soil will 
serve to illustrate the practical nature of the problem in a situation of 
extreme deficiency. In this study, a 4-year rotation of com, oats, and 
2 years of meadow (alfalfa-brome grass) is being followed. The effect 
of a single application to oats (120 pounds P*0* per acre), as compared 
to that of split applications to various crops in the rotation, is shown in 
Table I. Splitting the 120-pound P,0# application between oats and 
second-year meadow, compared to applying it all to oats, reduced oat 
yields by 7 bushels but increased the yield of com 9 bushels per acre. 
Splitting the phosphorus between oats and corn, compared to applying 
it all to oats, decreased oat yields by 8 bushels, and hay yields by Y 2 ton 
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T „ZZed bv some experiments reported by Williams (1950). One 
d after applying 2500 pounds of 20 per cent superphosphate to some 
y cid soils he^found that additional phosphorus was needed for maxi- 
3 ^Pl’ds of swedes or turnips. Basing his conclusion on evidence of 
Williams (1951) concluded that a suitable application should 

**" h «™ appli»>»"V ,, 'T Uen, r' ) ' ” 

,Isolation, especially on soils which possess high phosphoros-f.xi g 
1 aritips This is in general, the conclusion of most American workers. 
Frequent application in the rotation also makes it possible to obtain the 
advantage from specific placement of phosphorus fertilizer to individu 

crops as indicated in Section IV.2.a. (See also Chapter XI .) 

Frequency of application may also be an important consideration in 
efficient use of phosphorus on permanent pastures. On the basis of an 
opinTon survey conducted in 1950, Dodd (1951) reported that a high 
proportion of the agronomists in the Northcentral and Eastern States 
considered annual or biennial applications of phosphorus on pastures 
to be more efficient than applications every 4 years. Robinson and 
Garber (1949), however, point out, on the basis of available evidence, 
that heavy infrequent application may be superior to lighter, more fre¬ 
quent applications on very phosphorus-deficient soils. 

It seems evident that the initial application, at least, should be large 
enough to raise the available phosphorus content of the soil to a point 
necessary for good growth, or to bring about the desirable changes in 

plant species. 

IV. Placement or Method of Application 


1. Crops in the Rotation 

Even under optimum condition of soil reaction, soil structure, drain¬ 
age, moisture, and other factors, which directly or indirectly exert in¬ 
fluences on the phosphorus nutrition of plants, crops generally are un¬ 
able to recover more than a relatively small proportion of the phosphate 
applied in fertilizers. This is in marked contrast to the situation with 
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nitrogen or potassium fertilizers, where recovery often is higher than 
50 per cent, both fixation of phosphorus and positional unavailability 
have been regarded as the factors primarily accounting for low re¬ 
covery of applied phosphorus by crops. Thus, the increased benefits 
obtained from band application as compared to broadcast applications 
of phosphorus fertilizers in many instances have been attributed to re¬ 
duced fixation resulting from less intimate contact between soil and 
fertilizer, greater accessibility of the applied phosphorus to plant roots, 
or a combination of these and other factors. 

Early investigations by Coe (1926) with oats and clover seedings 
and by Duley (1930) on wheat clearly demonstrated that drilling 
phosphorus in contact with the seed was much superior to broadcasting. 
These early experiments have been amply confirmed in numerous 
studies conducted since that time. Various references are found to the 
effect that when drilled, only about half as much phosphorus fertilizer 
may be required to produce a given yield increase as when the fertilizer 
is broadcast (Reith, 1952; Smith, 1947; Lewis and Strickland, 1944; 
Norum and Young, 1950). Evidence of the widespread interest in fer¬ 
tilizer placement on many crops during the past decade or longer is 
contained in the various Proceedings of the National Joint Committee 
on Fertilizer Application. 

Recently, further impetus has been given to research on placement 
methods as a result of developments in the use of radiophosphorus in 
field investigations. Until tagged phosphate fertilizers came into use, it 
was not possible to evaluate clearly the relative or actual amounts of 
phosphorus obtained by the plant from various placements. This new 
development in research has greatly stimulated investigations along 
two main lines: (1) comparisons of different types of placement for 
various crops, and (2) evaluation of the factors or variables which may 
determine the relative value of different placements. 

In general agreement with earlier evidence, the studies with radio- 
phosphorus conducted during recent years have demonstrated that crops 
generally derive greater amounts of phosphorus from localized place¬ 
ments, such as banding or mixing with a restricted volume of soil, than 
from broadcast applications (Nelson et al ., 1949; Blaser and McAuliffe, 
1949; Caldwell et al., 1950; Pesek, 1951, Welch et al., 1949; Speer et al, 
1951). As discussed in Chapter VII, however, there are marked differ¬ 
ences in the behavior of different phosphorus fertilizers in relation to 
placement. 

Among the many factors which may determine the superiority of a 
particular system of placement over another, the kind of crop and its 
pattern of root distribution appear to be of particular importance, as 
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ndicated in recent studies reported by Hall (1951). Using a technique 
Involving injection of small quantities of rad.opbospborus at va 

rinmin the soil with respect to the plant, he found, for examp , 
K comheavily on th'e top 3-inch layer of the soil during the 
!r! t few we eks of growth but not after this time. By the end of 7 wee , 
the 8-inch and 13-inch horizons contribute substantially to t e gro 

° f foregoing observations may help to explain results of P rev ' ous 

audlel whTch hive shown relatively high uptake of fertilizer phos- 
. - bv the com plant early in the season, but a rapid decline 

4 or 5 Jleks (Nelson et al., 1949; Stanford and Nelson, 1949; Ric 
al !949; Jackson et al, 1950). Viewed as a whole, the studies with 

root distribution and utilization of fertilizer phosphorus suggest the 

need for further investigations to determine the value of placing pho 
ohorus in bands at various depths compared to placing it at one dept . 
as a means of more effectively supplying phosphorus to the crop during 
critical periods of growth, and as its root system develops m ^ deeper 
horizons of the soil. In this connection, Drake and Stewart (195 ) 
cently found a significant positive interaction between 3-inch and 8- 
inch depth drill placement for alfalfa; this illustrates a possible ad¬ 
vantage from multiple band placement which is worthy of special study^ 
Moisture conditions in the soil greatly influence the ability o p an 
to obtain phosphorus from fertilizer placed at different depths in the 
soil In agreement with results obtained by Scarseth (1943), unpub¬ 
lished data from a large number of com fertilizer experiments in Iowa 
during the past several years have shown that fertilizer phosphorus 
which is shallow-placed along the hill or row is often poorly utilized in 
dry* seasons, whereas that placed at plow-depth may be very effective. 
On the other hand, under favorable moisture conditions, such as pre¬ 
vailed in most of Iowa during 1950 and 1951, both placements were 
very effective and negative interactions occurred between plowed-under 
and row-placed fertilizer. Haddock (1952) recently found that place¬ 
ment had little influence on uptake of fertilizer phosphorus by sugar 
beets when the soil was well irrigated. However, with less irrigation 
the placement 4 inches deep in bands was more effective than surface 
broadcast placement. Olsen et al. (1950), also noted little difference be¬ 
tween placements under favorable moisture conditions but considerable 
advantage to deep band placement in a relatively dry season. 

One of the advantages commonly attributed to band placement of 
phosphorus fertilizer beside the hill or row, or drilling with the seed as 
is often the case with small grains, is the early growth stimulation 
which it promotes. This often produces a variety of effects which may 
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be attributable at least indirectly to phosphorus. Thus, in adverse sea¬ 
sons the more rapidly growing plants may better resist the inroads of 
msects and disease, resulting in increased stand; greater tillering of 
small grains sometimes occurs with band than with broadcast place¬ 
ment, as was early demonstrated by Duley (1930) in comparing drilled 
versus broadcast application for wheat. Norum and Young (1950) have 
also emphasized that the ability of wheat to compete with weeds was 
relatively greater with band than broadcast application. From a prac¬ 
tical standpoint, however, these may be regarded as being effects of 
the fertilizer, whether direct or indirect, and serve to emphasize a well- 
known fact that benefits obtained from fertilization are very much de¬ 
pendent upon other factors. An understanding of the interactions of 
placement with other factors is, of course, fundamental to sound 
fertilizer use. 

2. Permanent Pastures and Long-Time Meadows 

a. At Time of Stand Establishment . The problems of placement of 
fertilizers in the establishment of long-time meadows and pastures and 
in the renovation of the latter through soil preparation and reseeding 
are similar. In most cases the objective is (1) to incorporate the phos¬ 
phorus in the soil at time of seed-bed preparation, and (2) to apply 
enough phosphorus to assure good seedling establishment as well as 
high yields of forage for a period of several years (Robinson and 
Garber, 1949). As with small grain seedings previously discussed, it is 
generally recognized that band applications are more effective than in¬ 
corporation by broadcasting on the surface, followed by discing. Recent 
work with radiophosphorus has in general supported this conclusion. 
Thus, Blaser and McAuliffe (1949) found that Ladino clover on 
Mardin silt loam in New York derived a significantly higher per¬ 
centage of phosphorus from drilled than from broadcast applications 
during the first few months of growth, although this was not the case 
with orchard grass. Likewise, Hervey et al. (1950), in establishing 
sweet clover on a calcareous Blackland soil of Texas, found that drilling 
the phosphorus 2 inches deep resulted in a much greater percentage of 
phosphorus being absorbed from the fertilizer tagged with P 32 than did 
broadcasting. Moreover, the yield was higher and the amount of phos¬ 
phorus found in the roots to a depth of 18 inches was 77 per cent 
greater. 

Recently, the importance of more specific placement of phosphate 
with respect to the location of the legume and grass seed has been em¬ 
phasized by Haynes and Thatcher (1950) in Ohio. Placing the fertilizer 
about 1 y 2 inches directly below the seed gave seedling performance 
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seedling growth resulted. ctand establishment, in ad- 

Deep placement of phosphate at time' £ stable as is indicated 
dition to shallower drill placement, may „ ^ th Cec il clay 

by the work of Drake and Stewart (1950) Workrng w ^ 

loam soil in South Carolina, they foun banding 3 inches 

pi,,,, 8 inches Jeep was much mass !*“jTh7in«rE.« in 

% 7-LteTr donnas 

bL^of^-placements 0 ^ phosphorus fertilizer at the time ^estab¬ 
lishing meadows and pastures, one near the seed , P f -i as a 
established quickly, and a deeper placement in the subsurface soil as a 
meansof increasing the availability of moisture and phosphorus to the 

*''TApplications to Established Stands^ Top-dressing 

the means employed for applying phosphorus and other numents 

established meadows and permanent pasture. ReS t 6 , ar f eT^d ne^a- 
ever, have not been entirely satisfied with the method On old perma 
nent pastures containing a predominance of undesirable passes and 
little or no legumes, it often takes several years before much improve 
ment in yieldThTobtained (Robinson and Pierre, 1938). This is partly 
due to the time required for the more productive species to become es¬ 
tablished, but also probably to the slow downward movement of the 

pho^horus^ k evidence that the downward movement of phos¬ 
phorus applied as a top-dressing is very slow. Sell and Olson (1947) re¬ 
cently reviewed this subject. In their own investigations they found no 
detectable movement below 1 inch in a sandy loam soil during a perio 
of 3 years when 80 pounds P 2 0 5 as superphosphate was applied as a 
top-dressing. With heavier soils, silt loams and clay loams, the move¬ 
ment is even slower. Schaller (1941), for example, found no downward 
movement of phosphorus below 1 % inches where a total of 1000 pounds 
of 0-20-0 had been applied 5 to 7 years previously on a deKalb silt loam 
and on an Upshur silty clay loam soil in West Virginia. Likewise 
Brown (1935) found no downward movement below 214 inches on 
permanent pasture plots which had been fertilized for 16 years with 
superphosphate at the rate of 65 pounds P 2 O s every 2 years. 

In spite of the theoretical shortcomings of top-dressing of phos- 
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phorus fertilizers, the more recent results of field experiments with 
meadows and pastures have given increased support for this practice. 
Some striking responses from phosphorus top-dressing, for example, 
were obtained in 1944 in northern Iowa on established alfalfa fields on 
very phosphorus-deficient soils (Nelson et al., 1946). Three hundred 
pounds of 20 per cent superphosphate applied as a top-dressing in the 
spring of 1944 increased the yields that year from 0.48 to 1.0 ton per 
acre per cutting. In the following year the untreated plots yielded 0.42 
ton and the plots that had received top-dressing yielded 1.35 ton per 
cutting. Moreover, the percentage of phosphorus in the alfalfa hay in 
1944 was increased from 0.13 per cent to 0.19 per cent, or an increase 
of over 40 per cent. More recently, similar results have been obtained 
on a wide range of soils (Stanford and Hanway, 1951; Lawton et al ., 
1947). 

Even more convincing are recent data obtained with radioactive 
phosphorus fertilizers, showing definitely that established meadows and 
pastures may readily absorb phosphorus applied as a top-dressing 
(Table II) (Stanford et al ., 1950). Likewise, rapid absorption of the 


TABLE II 

Percentage of Phosphorus in the Plant which was Derived from Surface-Applied 
S uPERpnospnATE at Two Rates of Application ®- 6 


Superphosphate 
application, 
pounds / acre 

Alfalfa* 


Ladino clover 

1st cut 

2nd cut 

Orchard e 

grass 

Caldwell field* 

J/f. Pleasant 
field 4 

200 

1000 

20.0 

45.9 

19.5 

47.0 

15.8 

43.9 

23.8 

60.0 

17.8 

49.5 


* Stanford el al. (1950). 

* Superphosphate broadcast on April 20. The samples of Ladino clover, orchard grass, and first cutting of 
alfalfa were taken on June 15; the second cutting alfalfa samples were taken on August 5. 

* Dunkirk silt loam at Caldwell field. 

4 Mardin silt loam. 

phosphorus applied as top-dressings to alfalfa stands was obtained under 
adequate moisture conditions by Caldwell et al. (1951), in Minnesota, 
and by Pesek (1951) in Iowa. It is apparent, therefore, that the roots 
within the surface % inch or so of soil must be very active in absorp¬ 
tion, for in these experiments most of the phosphorus is undoubtedly 
retained in the surface % inch or less of the soil during the first few 
months after application. Dodd (1951) has emphasized recently that 
grasses, and legumes to a lesser degree, develop roots on or very near 
the soil surface during periods of moist soil conditions. Moreover, from 
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the standpoint of fixation top-drM^ ^cajaomjo^m g Qr 

with less soil than apphcaUons thoroug y especially in per- 

>*"- “ hgh in decomposing pl». 

.he standpoint of both posidon.l and 
the applied phosphorus, however, it won ® e *P f f th soi j wou ld 

Sh‘he^r;Cs 

♦hp pffectiveness of subsurface-band placement of p P 

the effectiveness oi s relative i Y Uttle work has been done on 

manent pastures ^ several work y ers (Dodd, 1938; Mulvey et al., 

1938 Pr Cook 1938) reported on some placement studies with phosphorus 
on P ^atnt paL«. Their studies, which included bandpton» 
of the fertilizer to depths of 2 to 3% inches, did notmdicateaj 
suoeriority for this practice over top-dressing, but they represente 
only 1 to 2 years of work. More recently there has been some renewa 
of interest in this problem, especially in the Southeastern States, w are 
the Tennessee Valley Authority in cooperation with several of th 
agricultural experiment stations, has been investigating the use of ex¬ 
perimental machines for subsurface placement of fertilizer to sod crops 
(Hines 1951). Preliminary results reported from the Kentucky and 
Virginia Agricultural Experiment Stations comparing top-dressing and 
subsurface applications to a depth varying from 2 to 6 inches, are 
largely negative (Fergus and Thaxton, 1952; Rich et al 1952). In fact, 
there is evidence in some of the experiments that top-dressing gave bet¬ 
ter results during the first year of the experiment than subsurface drill¬ 
ing (Fergus and Thaxton, 1952). This agrees with some recent results 
obtained by Haley (1951) in Indiana. Haley obtained significantly 
greater yields during the first 2 years after application from broadcast¬ 
ing on the surface than from band placement 6 inches deep and 12 
inches apart. These studies, however, have not been continued long 
enough or under sufficiently different conditions to adequately test the 
value of subsurface applications. Rich et al. (1952) also compared 
broadcast applications of phosphorus with applications in bands 6 
inches apart on the surface and 2 inches deep on established meadows 
and pastures. No responses in yield were obtained, but much higher 
absorption resulted during the first year from broadcast applications 
than from the banded fertilizer on the surface or 2 inches deep. 

On the other hand, Jacques (1943) found in New Zealand that with 
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reseeded pastures subsurface placement of superphosphate to a depth of 
6 inches gave greater root growth in the subsurface layers than did 
surface application. Although the surface application was superior in 
the early stages of growth, the subsurface application led to greater 
yields later in the season, especially in late spring and early summer. 
He concludes “that over the season as a whole the surface roots of 
grasses (weight for weight) were less effective than the deep-seeded 
ones in procuring food, even where the fertilizer was concentrated in a 
layer for them, and despite the somewhat better initial growth in the 
establishment period.” 

From the preceding considerations, it is evident that the compara¬ 
tive effectiveness of subsurface and surface applications of phosphate 
must be further evaluated for a wide variety of soil and moisture con¬ 
ditions before it can be predicted which method or combination of meth¬ 
ods will be most satisfactory under various conditions. 

V. Utilization of Subsoil Phosphorus 

The possible importance of subsoil phosphorus and other nutrients 
in the nutrition of crop plants and in determining the need for and 
efficient use of fertilizers has long been recognized. Recently, Bradfield 
(1946) and Winters and Simonson (1951) have called attention to the 
tremendous potential reserves of nutrient elements in subsoils and the 
importance of making better use of these reserves through improved 
methods of soil management. 

Although the various factors affecting the utilization of subsoil 
phosphorus by crop plants are much the same as those affecting the 
phosphorus in surface soils, their relative importance is quite different. 
Such factors as soil structure, aeration, drainage, and the root distribu¬ 
tion of plants—all factors which affect either positional or physiological 
availability—assume much greater importance. Moreover, these fac¬ 
tors and their interrelationships have been more difficult to evaluate 
than under surface soil conditions. It is partly because of this situation 
that our knowledge of the contribution of subsoil nutrients to the 
growth of crops on different soils is so meager. There is some evidence 
that, on certain well-drained permeable soils, deep-rooted crops may be 
able to get considerable quantities of nutrient elements from lower 
horizons (Weaver, Jean, and Crist, 1922; Robertson and Stewart, 1935; 
Crowther, 1935). On the other hand, it has been observed that, on soils 
of poor structure and drainage, root growth and activity may be so 
limited, even in subsurface horizons, that fertilizer applied at the bot¬ 
tom of the plow furrow may be ineffective because of poor soil aeration 
and limited root development (Hoffer, 1945a, 1945b). Between these 
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«™n. S , i. » evident there b . 

"'^SbmreTSding pho.ph.te fertilisers by deep 

placement. d t0 be answered in evaluat- 

The more important question 8 that n« are the following: 

ing the role of subsoil phosphorus in PP . £ phosphorus 

1 What are the amounts and the availability of the pn P 

compounds in the subsoils of different soil 

2,1 *. fertiliser need, in "tail,. 

th.t if pl.nt. can get apprecabe “ Samples cannot give an 
soil testing which involves only surface soi v the 

iSt^SSSSss^ 

but also as a means of obtaining deeper penetration of plant roots? 

3. To what extent can management P r * ctices a ^ eCt th ® ® V ■ f * 
and utilization of subsoil phosphorus or that added to subsoils in 

t,h As S? discussed in Chapter XIII, the depth distribution of total or¬ 
ganic, and dilute acid-soluble phosphorus varies greatly m different 
soils. In many soils one or more of the lower horizons or parts of W 
zons are higher in total phosphorus than the surface. In some soils this is 
related to the increase in clay content with depth but in many cases 
large amounts are found in the C horizons where there has been no ac¬ 
cumulation of clay. A minimum often is found m the lower A an 
upper B horizons where the dilute acid-soluble phosphorus is likewise 
very low. Significantly, the lower B and C horizons in some soils con¬ 
tain much higher amounts of dilute acid-soluble phosphorus than does 
the surface. Pearson el al. (1940) found, for example, that an average 
of about 25 per cent of the total phosphorus in the C horizon of soils de- 
rived primarily from loess was soluble in 0.002 N H 2 S0 4 , as contrasted 
to about 2.5 per cent in the surface soil and to only about 1 per cent in 
the sub-surface zone of minimum tdtal phosphorus content. 


/. Availability of Subsoil Phosphorus 

The availability of subsoil phosphorus, however, cannot be deter¬ 
mined from solubility data alone, for recent work has shown that the 
relationship between plant availability and solubility of subsoil phos¬ 
phorus is very poor, at least under certain conditions (Thornton, 1935; 
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Stelly, 1942). Because of this, and because of difficulties involved in 
determining the plant availability of subsoil nutrients under field con¬ 
ditions, most of the information that has been obtained is with horizon 
samples in greenhouse pot tests. In general, these studies show that the 
lower A and upper B horizons of the soils of the humid region are ordi¬ 
narily much more deficient in phosphorus than the surface soil (Thorn¬ 
ton, 1935; Rost, 1940; Stelly, 1942). On the other hand, Stelly (1942) 
found that the availability of the phosphorus in the lower B and C hori¬ 
zons of certain soils may be greater than that in surface soils and espe¬ 
cially greater than that in the B a horizons. This is evident from the 
data in Tables III and IV. Alfalfa made as good or better growth with- 

TABLE III 

Crop Response to Phosphate Fertilizer on Horizons of Tama Silt Loam* 


Yield, grams/pot 


Soluble h Sudan grass Alfalfa 


Horizon 
and pH 

Depth, 

inches 

P‘ 

p.p.m 

A,, pH 5.2 

0-6 

8 

B, f pH 5.5 

13-18 

7 

Bj, pH 5.5 

24-32 

32 

C u pH 5.8 

36-45 

106 

C, pH 5.9 

48-54 

184 


No P 


NoP 

P‘ 

13.8 

19.9 

7.9 

10.7 

0.5 

5 6 

1.3 

8.1 

1.2 

4.5 

5.6 

8.3 

2.8 

5.3 

7.1 

8.4 

3.4 

7.4 

7.2 

7.7 


•Stelly (1942). ^ , .. 

* Soluble P refers to solubility in 0.002 N H,SO« (Truog method). 

« Superphosphate applied at rate of 400 pounds per acre to Sudan grass, and 200 pound, per acre to follow- 
ing crop of alfalfa. 


TABLE IV 

Response of Crops to Phosphate Fertil ization on Horizons of Welle r Silt Loam* 

Yield, grams/pot 


Soluble* Corn A, W° 

Horizon Depth, P e 

and pH inches p.p.m. No P P* No P P c 


Aj, pH 5.4 lJ<-6 5 10 26 2.9 8.7 

B«., ( pH 4.4 28-34 43 20 35 1.8 8.5 

C, pH 5.0 49-54 153 43 52 5.6 4.9 


•Stelly (1042). ^ ... 

» Soluble P refer, to solubility in 0.002 N H,S04 (Truog method). 

« CaH« (PO«)i added at rate equivalent to 240 pounds P*0» for corn 


and 120 pounds P*0* for alfalfa, the 


following crop. 



MAM.ORM.MT PRACTICES AMD PHOSPHORUS AVAILA.ILITY 267 

Z iSESg 

D p.m. of acid-soluble phosphorus. , th 

PP On similar soils derived from more acid loess, f or 

nH value of the C horizon is about 5.0, compared with 6.7 and 5.9 lo 
fhe Grundy and Tama soils, respectively, the phosphorus was found to 
teSS .-Ril.bk to Dou-l.gum.s- Th. yield of corn MbW 
phate for example, was over four times as much on the C horizon of 
Weller silt loam as on the surface soil, and the response to phosphate 
fertilizer was only about 10 per cent as large as on the surface soil. I 
seems evident, therefore, (a) that the different horizons of a gi v en »J 
may range from very deficient to well-supplied with plant-available 
phosphorus, and (b) that the availability of phosphorus in subsoil hon- 

zons varies widely with the type of crop grown. 

The question that is unanswered, of course, is whether the subsoil 
phosphorus that is available to plants in pot tests in the greenhouse is 
available under undisturbed field conditions. There is not only the prob¬ 
lem of physiological availability, which in subsoils is largely related to 
aeration and moisture conditions, but also that of positional availability. 
It is well established that very low concentrations of oxygen or high 
concentrations of carbon dioxide in the substrate reduces root respira¬ 
tion and may reduce the uptake of nutrient ions by the roots of many 
crop plants. The importance of these factors on plant nutrition in gen¬ 
eral has been discussed in recent excellent reviews by Page and Bodman 
(1951) and Russell (1952). Winters and Simonson (1951) have also 
presented an excellent review of the nature and properties of subsoil 
layers and the relationships of subsoils to plant growth. 

The positional availability of the phosphorus in subsoil horizons is 
determined largely by (a) the type of root system, (b) the location of 
the horizon containing available phosphorus and its general suitability 
for root development, and (c) the character of the horizons above it. 
That the roots of some crops penetrate to great depths in permeable soils 
is well known (Weaver, 1926). Few quantitative data are available, how¬ 
ever, on the comparative development of plant roots and their absorp¬ 
tion of nutrients as related to the physical and chemical characteristics 
of the soil horizons. The recent excellent investigations of Weaver and 
Darland (1949) point the way to much-needed work. In their compre¬ 
hensive study on 33 monoliths of 16 soil types in Nebraska and Kansas, 
these investigators found marked effects of different soil horizons on the 
character and distribution of the roots of 11 species of native grasses. 
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The presence of claypans greatly reduced root penetration, but even in 
compact B horizons of some of these soils they found considerable root 
penetration not only between the structural units but also through them. 
In a Crete silty clay loam, a claypan soil, for example, a marked branch¬ 
ing and large proportion of the root system were found in the mellow 
loessial C horizon below the 18- to 28-inch compact B horizon. Although 
the favorable physical conditions in the C horizon are probably largely 
responsible, it is possible that the higher content of dilute- acid-soluble 
phosphorus in this horizon than in the previously referred to (Pear¬ 
son et al., 1940; Lipps and Chesnin, 1950) may be partly responsible. 

2. Management Practices Affecting Utilization of Phosphorus 

in Subsoils 

Although the factors affecting the availability of subsoil phosphorus 
are incompletely understood, it seems probable that in some soils at 
least the utilization of some of the vast reserves of subsoil phosphorus 
through improved management practices or the incorporation of phos¬ 
phorus in the subsoil in fertilizers offers real promise for more efficient 
crop production. 

a. Deep Tillage. Any practices that increase root penetration 
through improved aeration, such as deep tillage or drainage, should 
make possible greater utilization of subsoil phosphorus. Subsoiling has 
often been advocated on claypan soils as a means of improving crop 
growth. In general, the results have not been encouraging (Winters and 
Simonson, 1951), but it must be recognized that this may be due to in¬ 
adequate machinery for such operations or to a failure to recognize 
other factors. Where the compact horizons may be very deficient in 
certain nutrient elements, it is possible that a combination of subsoiling 
and fertilization would be more effective in promoting deeper rooting 
and making more phosphorus available from lower horizons. Data by 
Tiedjens (1948) and Woodruff and Smith (1946) indicate possibilities 
of this combination. 

b. Deep-Rooted Crops. The growing of deep-rooted legume crops 
in the crop rotation may be the most effective means not only of getting 
greater utilization of subsoil phosphorus by the crop in question but also 
of making more phosphorus available to other crops in the rotation. 
This has been emphasized by DeTurk (1942). He found that on some 
of the Illinois experimental fields the regular use of sweet clover and 
limestone in the rotation materially increased the available phosphorus 
in the surface soil. He believed that this was due to the upward transfer 
of phosphorus from the subsoil by sweet clover, although it is evident 
that other factors also may have been involved. Deep-rooted crops such 
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by Lambda, Ahlgren, and Muckenhirn (1949), the percent ge th 
total root growth of alfalfa and of brome grass below the 16-inch 
depth was five to ten times greater than that of red clover an . 

c. Subsoil Fertilization. Subsoil applications of P hos P horus fert ^ 
may be feasible from several standpoints As previously ^ dicate ^^ an y 
soils have very low amounts of available phosphorus in the horizons 
immediately below the surface (A 2 and upper B horizons) even though 
they may contain large amounts in lower horizons. Is it feasible to app y 
phosphorus to such deficient horizons, not as a substitute for surface 
soil applications, but as a means of increasing root penetration redu 
ing drought hazards, or increasing the availability of other nutrients? 
It is a well-established fact that the application of fertilizers in a 
nutrient-deficient subsoil zone increases the concentration of roo s 
within that zone. There is some evidence that this may be at the ex¬ 
pense of their development both in the upper and deeper soil layers 
(Sokolov, 1937; Ferrant and Sprague, 1940), but the recent interesting 
studies of Marsh et al. (1952) indicate that this is not serious. On the 
other hand, they found that the placement of phosphorus and nitrogen 
fertilizer below an undisturbed core of impermeable subsoil resulted in 
the profuse development of sunflower roots in this relatively imper- 

meable core above. . . . 

Militating against the practice of subsoil fertilization is the practical 

difficulty of applying fertilizer at considerable depths (Volk, 1947). 
Nevertheless, the practice of subsoil fertilization with phosphorus is 
worthy of investigation under certain soil and cropping conditions. An 
example of such a possibility is the application of rock phosphate or 
some relatively insoluble phosphorus in the subsurface of very deficient, 
acid podzolic or prairie soils in combination with soluble phosphate in 
the well-limed surface layer. The acid conditions and possibly more 
favorable moisture conditions of the subsurface layer should make the 
rock phosphate slowly available and help promote crop growth, espe¬ 


cially that of perennial leguminous crops. 

As a basis for making fuller use of subsoil phosphorus or that ap¬ 
plied to subsoils in fertilizers, there is a great need for more information: 
first, regarding the character and downward distribution of the roots of 
various crops on different soil types as influenced by the physical and 
chemical properties of the soil horizons; and second, on the amounts of 
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phosphorus that can be absorbed by plants from the undisturbed soil. 
Although such work is difficult, the new technique using soil monoliths 
proposed by Weaver and Darland (1949) and especially the tracer 
technique recently utilized by Hall (1951) and Lott, Satchell, and Hall 
(1950) in tracing root distribution and activity should make possible 
much more rapid progress than in the past. 

VI. Efficient Phosphate Use in Relation to Other Factors 

As previously mentioned, management practices may indirectly 
affect efficient phosphorus use, either by altering the physical properties 
of soils or by providing other nutrients needed for maximum plant 
growth. Among those relating to soil physical properties, the most im¬ 
portant are drainage, irrigation, tillage, and cropping practices. They 
exert their influence on phosphorus utilization largely through their 
effect on soil moisture and aeration. In recent years there has been a 
much better recognition of these factors in plant nutrition, and several 
good review's have been published on this subject (Wadleigh and Rich¬ 
ards, 1951; Page and Bodman, 1951; and Russell, 1952). 

1. Soil Moisture 

The higher the moisture content of soils within the range up to the 
optimum supply, the more readily available the phosphorus is to plants. 
This is indicated by the phosphorus content of plants grown on irrigated 
and nonirrigated soils (Greaves and Nelson, 1925; Emmert, 1936; 
Thomas et al 1942; Haddock, 1952). Likewise, several investigators 
have found that the phosphorus content of plants is lower in a dry than 
a wet season, whereas the reverse is true for nitrogen (Daniel and 
Harper, 1935; Smith and Simpson, 1950; Snider, 1945). The cause for 
the decreased absorption of phosphorus from soils of low moisture con¬ 
tent is not known, but it may be ascribed in part to an increase in phos¬ 
phorus fixation, as suggested by Trumble (1947) and Wadleigh and 
Richards (1951). From the practical standpoint, it emphasizes the im¬ 
portance of adequate moisture especially in the zone of fertilizer in¬ 
corporation. It is true that plant roots can absorb some phosphorus from 
soils at or near the wdlting point (Hunter and Kelley, 1946; Volk, 1947) 
if some of the roots are in moist soil, but the amounts thus absorbed are 
very small and cannot provide for the needs of an actively grow¬ 
ing crop. 

Poor drainage or excess of soil mosture, on the other hand, will 
materially reduce phosphate absorption. This may be due to reduced 
aeration and to less root penetration, two indirect factors previously 
referred to. It may also be due to reduced phosphorus availability in 
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after wet 6 cold springs or waterlogging. This may also explain he 
marked phosphorus deficiencies found in poorly drained irrig 
mountain meadow soils in the Western States (Thorne, 1952, pnv 
communication). For several reasons, therefore, good drainage mea 
better utilization of native or applied phosphates. 

2. Nutrient Deficiencies 

Deficiencies of other nutrients may also greatly effect the efficient 
utilization of phosphorus. This principle has been more fuHy recognized 
in recent years. Some striking effects of adequate nitrogen fertilization 
on the efficiency of applied phosphorus have recently ^ reported 
(Coleman, 1944; Dumenil and Nelson, 1948; Smith et al, 1950). As an 
example, some results of Dumenil and Hanway (1952) are shown m 
Table V. Phosphorus fertilizer alone gave no increases m corn yields, 


TABLE V 

Effect of Nitrogen and Potassium on Response ok Corn to Phosphate 
Fertilization and on Phosphorus Content of the ( orn Leaf** 

Without K A' 


Treatment 

Yield, 

bushels/acre 

%P, 

leaf 

Yield, 

bushels/ acre 

%P, 

leaf 

None 

46.1 

0.20 

47.1 

0.20 

N 

65.5 

0.22 

65.2 

0.22 

P 

46.6 

0.22 

38.5 

0.20 

NP 

75.7 

0 28 

88.2 

0.27 


• Dumenil and Hanway (1952). _ , 

*N, PtO», and K»0 applied at rates of 60 pounds per acre in ammonium uitrate. superphosphate. un«l 

muriate of potash, respectively. 

but where adequate amounts of nitrogen had been applied the increased 
yield was 10.2 bushels, and where both nitrogen and potassium were 
applied the increased yield from phosphorus was 23 bushels. Of interest 
also was the phosphorus content of the leaves. Phosphorus alone had 
no effect on the percentage phosphorus in the leaves, but the combina- 
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uon of phosphorus and nitrogen increased it from 0.22 to 0.28 per cent. 
Bennett, et al. (1953) have also found that nitrogen fertilization 
may increase the phosphorus content of corn leaves. The reason for this 
effect is not clear, but part of the explanation may be the effect of nitro¬ 
gen in increasing root growth and the foraging power of the roots for 
phosphorus. 

The use of phosphorus fertilizers may likewise result in greater 
utilization of the soil phosphorus by crops on phosphorus-deficient soils 
(Spinks et al., 1948; Larsen, 1952; Strzemienski, 1948). Strzemienski 
found through use of P 32 , for example, that on two phosphorus- 
deficient soils from New Zealand, plants that received phosphorus 
fertilizer took up three to eight times as much soil phosphorus as did 
the controls. According to Dion et al. (1949), who likewise used P 32 in 
their studies, a greater uptake of soil phosphorus is likely to occur when 
small amounts of fertilizer are used, but a lower soil phosphorus uptake 
when large amounts are applied. 

VII. General Conclusions 

In conclusion, it may be well to emphasize that the efficient use of 
fertilizers must, of course, be based first of all on the soil and crop re¬ 
quirements, as discussed in other chapters of this monograph. The im¬ 
provement and greater use of soil testing methods represents an impor¬ 
tant step forward in obtaining efficient utilization of phosphorus ferti¬ 
lizers. (See Chapter VI.) Moreover, the need of taking into considera¬ 
tion not only the individual crops in the rotation but the rotation as a 
whole in determining the fertilizer program is becoming more fully 
recognized. 

Behind all soil management and farming practices are the eco¬ 
nomic considerations. These must, of course, be based on quantitative 
data. Moreover, principles established in the research laboratory need 
to be more fully evaluated in the field for a wide range of soil conditions, 
cropping systems, and management practices. It is not enough to have 
average values. 

Many of the soil management practices discussed in this chapter 
relate to the problem of phosphorus fixation. Much has been accom¬ 
plished in recent years in an understanding of this phenomenon, but 
the problem is still far from being solved, especially in its application 
to field conditions. The time factor in fixation must be more fully 
evaluated and more consideration should be given to the residual effects 
of phosphorus fertilizers. The goal in efficient fertilizer use is not neces¬ 
sarily a high total phosphorus content in our soils, but rather an ade¬ 
quate revolving fund of plant-available phosphorus. This will require 
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Chapter IX 


Liming in Relation to Availability of Native 
and Applied Phosphates 

EMIL TRUOG 

I. Introduction 

That the rational liming of acid soils promotes the availability of 
their phosphorus, whether native or added in soluble form, has been 
maintained by various authorities for many years. Because of space 
limitations, the relation of liming to the availability of the less-soluble 
phosphate fertilizers, such as rock phosphate, will not be given more 
than passing consideration here. 

Hilgard (1907), probably more than any other person of his time, 
stressed the highly favorable influence of lime on the availability of soil 
phosphorus. He indicated that for best plant growth, sandy soils should 
contain not less than 0.10 per cent and heavy clay soils not less than 
0.60 per cent of lime carbonate, and in general, that 2 to 3 per cent pro¬ 
vides optimum conditions. Hilgard was referring, of course, to contents 
of lime carbonate naturally present and not what might or should be 
attained through liming of acid soils. Also, his measure of content of 
calcium carbonate was apparently based on the amount of calcium dis¬ 
solved by digestion of a soil with HC1 of 1.115 sp. gr. He believed that 
the natural presence of 2 or 3 per cent of calcium carbonate as found 
by his method, is permissible and even desirable, especially in the case 
of heavy soils. It is of course now well known that when soils are natur¬ 
ally acid, liming much beyond pH 7, particularly in the case of sandy 
soils, may, by reducing the availability of minor elements such as boron 
and manganese, cause a temporary reduction in crop yields. This may 
be corrected by increasing the supply of these elements through appro¬ 
priate additions. Thereafter, the full benefit of liming to or near the 
neutral point may be realized, and legumes, such as alfalfa, may be 
grown; this by adding organic matter will in time help to alleviate the 
minor element difficulty. 

The truth of the adage, “A lime country is a rich country,” is 
strongly supported by the writings of Hilgard (1907). He gives ex- 
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amples of soils, which althqugh naturally low in content of phosphorus, 
have because of a satisfactory content of lime supported a prosperous 
agriculture. In Wisconsin, one may in many regions pass ralhcr ab¬ 
ruptly from soils derived from limestone to soils derived from non- 
calcareous rocks; in this passage, the change from a vigorous and luxur¬ 
iant vegetation to one much less so is often most striking. Of course, 
the greater fertility of the soils derived from limestone is often due not 
only to a greater lime content but also to a soil of better texture. 

The earlier writings dealing with the liming of soils do not mention 
specifically the influence of this practice on the availability of soil phos¬ 
phorus. Liebig (1847) states that the favorable influence of liming is 
due largely to its action in breaking down silicates with consequent 
liberation of alkalies. Johnston (1849), in his comprehensive and excel¬ 
lent treatise on the use of lime, indicates that the benefits derived from 
liming arise largely from a neutralization of acids, which in turn favors 
decomposition of organic matter and liberation of plant nutrients con¬ 
tained therein. He states also that the previous use of lime may lessen 
the need of phosphate (bones), probably because of the lessened need 
for the calcium carried by the bones. An increase in availability of 
native phosphate through liming had as yet not been conceived. 

Ruffin (1852), the foremost American authority of his time on 
liming, discusses at great length the great and varied benefits, particu¬ 
larly neutralization of soil acids, that come from the liming of acid 
soils; but unfortunately he had no way of knowing that much of the 
benefit may arise from an increased phosphate availability. In his early 
marling on his own farm, he experienced some injury to corn as a result 
of over-marling but states that this was overcome by introducing or¬ 
ganic matter through the addition of manure or the growing of grass 
and legume sod crops. He also states that it is advisable to limit the rate 
of marl application to that which is needed to neutralize the soil acids 
present. Since the injury which Ruffin experienced was with corn, and 
this was overcome by adding organic matter, it appears that a reduc¬ 
tion in availability of soil manganese may have been the cause of the 
injury. Of course, Ruffin had no way of knowing this, but, nevertheless, 
made the following prophetic statement: 

“There are many practices universally admitted to be beneficial; yet 
there are none of these which are not found sometimes useless, or hurt¬ 
ful, on account of some other attendant circumstance, which was not 
expected, and perhaps not discovered. Every application of calcareous 
earth to a deficient soil is a chemical operation on a great scale. Decom¬ 
positions and new combinations are produced, and in a manner gen¬ 
erally conforming to the operator’s expectations. But other and un- 
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known agents may 

cause unlooked-for results Such J anures (as may be 

been frequent, uniform, nor important. 

II. Field Experiments 

Fortunately extensive and reliable dot,, ob««£ 

plo U relating directly .hose obtained by 

bv far the best data available in this connection 

the Ohio Agricultural Experiment Station and reported by Salter 

Barnes (1935). 

1. Yields with and without Lime 

In Table I are given a few of the data reported by Salter and Barnes 
( 1935 ) dealing with the influence of liming on yields of five crop 
grown omplotf variously treated with N, P, and K, and running con¬ 
tinuously for a period of forty years on a fie,d consl * h "® ° ° 5 . 

and Canfield silt loams. In the beginning the soil had a0 about 5, 
the unlimed soil has become somewhat more acid, and theto 
decidedly alkaline with some free lime carbonate present. Details re 
garding treatments are given with Table I Thei data presented leave no 
question but that a decided lack of available phosphorus existed in the 
beginning. Liming, of course, has a favorable influence ornnany fer¬ 
tility factors which often cannot be precisely distinguished from the 
favorable influence on phosphate availability. Some of the pertinent 
points brought out by these data as regards phosphate availability 

1. Liming of this strongly acid soil to alkalinity has liberated suffi¬ 
cient native phosphorus for crop use so that with all five crops the per¬ 
centage yield increases, and also in most cases the direct increases, from 
phosphorus fertilization have been far less on the limed than on the 
unlimed plots; also, in the case of com, clover, and timothy the NKL 
plots have outyielded the NPK plots (L stands for lime and N, P, and K 
for elements, as is conventional). 

2. During the last 10-year period, yields of corn, clover, and timothy 
with addition of L to NK plots have been more than double the yields 
obtained without this addition, and with the other two crops the addition 
has greatly increased the yields. This again indicates liberation of the 
native phosphorus by lime. 

3. Because yields of all crops on NK plots with L rose during the 
last 10-year period, and these yields on similarly fertilized plots without 
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TABLE I 

Crop Yields with Lime (Alkaline) and without Lime (pH 5) and Fertilizer in 
5-Year Rotation of Corn, Oats, Wheat, Clover, and Timothy durino 
40-Year Period, 1894-1933, on Silt Loam at Wooster, Ohio 9 


Crop 


Yield, bushels or 

pounds per acre 



Unlimed 

Limed 

Fertilizer 
treatment 6 

Entire 40- 
year period 

Last 10-year 
period 

Entire 40- 
year period 

Last 10-year 
period 

Corn 

None 

19. 2 

11.3 

SO.7 

27.6 


N, K 

27.7 

18.5 

45.3 

46.7 


N, K, P 

41.9 

33.3 

55.4 

55.6 

Oats 

None 

25.5 

20.0 

35.2 

36.4 


N, K 

32.2 

27.3 

43.0 

44.7 


N, K, P 

49.6 

48.6 

52.1 

53.6 

Wheat 

None 

9.6 

7.4 

15.4 

16.2 


N, K 

12.6 

10.6 

18.6 

19.5 


N, K, P 

28.5 

28.6 

33.2 

36.0 

Clover 

None 

948 

624 

1923 

2030 


N, K 

1203 

732 

2393 

2559 


N, K. P 

2221 

1851 

3443 

3674 

Timothy 

None 

1502 

1167 

2517 

2709 


N, K 

1702 

1382 

2795 

3091 


N, K, P 

2346 

2129 

3349 

3578 


• Salter and Barnes (1035). . . 

* All fertilirera were applied regularly to corn, oata, and wheat: *4.8 pounds of nitrogen (N) as nitrate of 
soda. *5.8 pounds of phosphate (P«0») as superphosphate, and 40 pounds of potash (K-.O) to each of these crops. 

t Limed at the rate of about * tons of ground limestone per acre once during each rotation, except during 
the first 1* years when some burned lime was applied. Limed plots became alkaline, with some free carbonate 
present; unlimed plots attained a pH of 5 or less. 

L dropped markedly during this period, indications are strong that the 
lime is liberating native phosphorus throughout a long period. 

4. That liming will liberate native phosphorus over a long period is 
further substantiated by the fact that yields with lime alone have been 
slightly higher during the last 10-year period than throughout the en¬ 
tire period with all crops except corn. 

2. Most Desirable pH 

The pH to which acid soils should be limed for most favorable in¬ 
fluence on availability of native and applied phosphates is a question of 
paramount importance. Here again, data reported by Salter and Barnes 


liming and 


availability of phosphates 
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TABLE II 

5n«mPH08PH*IE AT DIFFERENT SoiL REACTIONS IN A 

Yields with and without Supehphospha Leoumeb on Canfield Silt 

3-Yeab Rotation of Corn, Small Gba • Inclusive" 

I.OAM during 8-Year Period, 19*6-1933 Inclusive-_ 


Soil 

reaction* 


4.7 

5.2 
5.9 

6.8 

7.4 

4.7 

5.2 

5.9 

0.8 

7.4 

4.7 

5.2 
5.9 

6.8 

7.4 

4.7 

5.2 

5.9 

6.8 

7.4 

4.7 

5.2 

5.9 

6.8 

7.4 


No 


Average yield, bushel* or poun ds per acre _ 

Phosphate With phosphate No phosphate With phosphate 

Oats 


Corn 


15.3 


13.6 

24.6 


28.1 

28.6 


31.7 

35.6 


37.8 

34.5 

Harley 

32.5 

0.0 


0.0 

2.8 


5.5 

10.5 


19.3 

17.0 


22.9 

20.7 

Alfalfa 

24.1 

157 


175 

623 


515 

1748 


1974 

3728 


4923 

4091 

Red clorer 

4813 

682 


572 

779 


863 

1355 


1832 

2408 


3069 

2895 

Ti mothy 

2892 

751 


827 

1167 


1205 

1299 


1758 

2228 


2678 

2382 


2558 


59.8 

70.4 

55.1 

70.1 

55.8 

70.8 

65.8 

69.8 

69.3 

69.8 

Wheat 

7.7 

26.1 

11.4 

29.2 

14.8 

34.1 

22.2 

38.2 

27.2 

37.9 

Sweet clover 

45 

30 

294 

170 

1504 

2893 

3991 

5774 

5320 

6270 

Alsike clover 

718 

516 

883 

1096 

1537 

2792 

2506 

3805 

3379 

3513 

Soybeans 

1794 

1705 

2021 

2049 

2029 

1984 

2552 

2625 

2656 

2473 


• Salter and Barnes (IMS). 

* Soil reaction originally was slightly above pH 5; adjusted lower by addition of sulfur and aluminum sulfate, 
and higher by addition of ground limestone, amounting to 8 tons for highest pH attained; intended pH values 
were 4.5. 5.0, 6.0. 7.0, and 8.0. 

«No manure but P and K at rates per acre as follows were applied: superphosphate (40%), 200 pounds 
on corn and 100 pounds on small grain on phosphated plots; muriate of potash, 40 pounds on corn and 50 
pounds on small grain on all plots. 
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(1935) provide some of the best evidence available. Some of these data 
along with soil treatments of the test plots involved are given in Table 
II. Conclusions which these data appear to support follow: 

1. The yields without phosphorus fertilization show in a striking 
manner that pH 5.9 is not high enough to make notable amounts of 
native phosphorus available for crop use; in the case of oats, corn, 
timothy, and soybeans, all of which can tolerate the acidity itself of pH 
5.2 without much if any injury, yields did not rise notably in going 
from pH 5.2 to 5.9, but did rise markedly in going to pH 6.8 and 7.4; in 
fact, in most cases a rise in pH from 6.8 to 7.4 gave an additional in¬ 
crease in yield. 

2. These results show that when this soil had a pH of 5.9 and was 
low in available phosphorus, liming to near pH 7 increased the yields 
of six of the ten crops more than did phosphorus fertilization. 

3. Indications are that raising the pH of this soil from 6.8 to 7.4 will 
increase notably the availability of the native phosphorus to most crops, 
but may cause a slight decrease in the availability of applied phosphorus 
to some crops. 

4. With this soil, maximum availability of both native and applied 
phosphorus is attained near pH 7, where lime without phosphorus has 
produced in most cases nearly as large yields as lime with phosphorus. 

The results of Salter and Barnes (1935) referred to in this paper 
accord fully with those obtained in recent years from soil fertility test 
plots located in Wisconsin on Spencer and Antigo silt loams which are 
low in available phosphorus. Where the soils have been limed to near 
pH 7, response from phosphate fertilization has largely vanished except 
for benefit in starter fertilizer. 

3. Phosphorus Content of Crop 

Since the level of available phosphorus in a soil is usually reflected 
in the phosphorus content of a crop grown on that soil, another method 
of revealing the influence of liming or pH on this level of available 
phosphorus is to determine the phosphorus content of such a crop. This 
procedure was followed in the case of alfalfa grown on some soil fertility 
plots of the Wisconsin Agricultural Experiment Station. The soil of 
these plots is a heavy silt loam, naturally low in available phosphorus 
and potassium and strongly acid. The pH and fertility levels established 
and results obtained are given in Table III. 

It will be noted that, for the 1949 season, raising the pH from about 
5 to near 7 markedly increased the phosphorus content in all cases, 
indicating that the liming increased the availability of both native and 
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UMING AND AVAILABILITY OF PHOSPHATES 

„ or Phosphorus as Revealed by 

Influence of Liming or pH on A ^ 2nd . Vear Alfalfa Grown on 

Phosphorus Content of Fir Alfalfa Cuttings and pH 

Spencer Silt Loam Soil Fert ‘ l '” Plots in 1948 and Another 

Figures were Obtained from OneJSet^of 


Pounds per acre 
available 

originally established 6 

P K 


pH of plots 

harvested e 


Per cent P in 
alfalfa hay 


191,8 


1949 


1948 


15 

15 

50 

50 

75 

75 

125 

125 


100 

100 

150 

150 

200 

200 

300 

300 


5.10 

6.95 

5.61 
6.86 

5.62 

6.96 
5.43 
6.89 


4.89 
6.71 
5.23 

6.89 
5.21 

6.90 
5.37 
6.92 


0.203 

0.245 

0.245 

0.245 

0.268 

0.251 

0.256 

0.295 


1949 

0.143 

0.233 

0.163 

0.256 

0.192 

0.225 

0.189 

0.251 


Tons alfalfa hay 
■per acre, 

!2 cuttings, 

in 1949 

1.14 

2.03 

2.26 

3.85 

2.91 

3.85 

2.95 

4.12 


• pH figures and percentages of phorphorurUkenfrom ^^^^^och.nge.ble) except lowest which 
t‘.ht U h^ in ^'“.pXn* superphosphate and muriate of potash. r^peoUvelg; have 

“ iD 1M< - 

aoDlied phosphates. For the 1948 season, due possibly because of lack 

of moisture and resulting low yield of first cutting, the tS " 
so striking, although the trend was stiU the same. All in all these re 
suits support the contention that liming of acid soils favors the ava, 
bility of native and applied phosphates. Many of the data in theUter* 
ture pertaining to this phase of the subject are rather confusing, because 
insufficient liiiL to bring the pH up to 7 or thereabouts was probably 
used in many of the experiments from which the data were derived. 


III. Laboratory Tests 

Over 50 years ago, Deherain (1892) described an experiment which 
he said showed that treatment of an iron phosphate with calcium car¬ 
bonate will cause a transformation such that some of the phosphate will 
become soluble in carbonated water and thus available for crop use. In 
more recent years, alkaline solutions, usually of NaOH and Na 2 C0 3 , 
have been used to extract the so-called fixed or difficultly available 
phosphorus of soils. 

Because the liming of acid soils to near pH 7 appears to make diffi¬ 
cultly available soil phosphorus soluble in weak acid rather rapidly, the 
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writer with the assistance of J. L. Dionne conducted a simple test to 
demonstrate this matter. To samples of two strongly acid soils various 
amounts of CaC0 3 were added. One series of samples of each soil was 
then stored in moist condition for 110 days, a second series was boiled 
with water for 10 minutes, and a third series was digested with water on 
the hot plate for 24 hours. Samples in each case were then extracted 
with 0.002 N H 2 S0 4 in the regular manner for readily available phos¬ 
phorus. The results are given in Table IV. 

TABLE IV 

Phosphorus Soluble in Weak Acid in Spencer Silt Loam and Plainfield Sand 


Pounds per acre P soluble in 0.002 N // 2 S0« 
after treatments given below 


2 g. of soil treated with respective 
amounts of CaCO% and 50 ml. of water 


Tons 

per acre 
CaCOi added 11 

pH after 
110 days 

Moist soil - 

incubated Boiled for 

for 110 days 10 minutes 

Digested on hot plate for 
2k hours with condenser 

None 

4.6 

Spencer silt loam 
33.2 

28.3 

28.3 

2 

6.2 

33.2 

35.5 

42.8 

3 

6.4 

37.0 

42.1 

50.6 

5 

6.7 

50.8 

50.0 

62.5 

10 



49.8 

63.3 

None 

4.6 

Plainfield sand 
54.5 

49.0 

57.0 

1.4 

5.5 

57.5 

72.9 

85.1 

2 5 

6.5 

85.0 

86.1 

100.7 

4.0 

7.4 

93.0 

102.3 

119.3 

10.0 



108.4 

133 5 


• Lime requirement* by Patel-Truop (195«) method wu 5 tons for Spencer silt loam and S tons for Plainfield 


sand. 

It will be noted that application of lime, particularly to near the 
neutral point, has markedly increased the amount of phosphorus dis¬ 
solved in each case. Boiling of the lime-treated samples with water for 
10 minutes gave nearly the same results as storage in moist condition 
for 110 days. Also, the sharpest increase in easily soluble phosphorus 
appears to take place near the neutral point. This simple experiment 
demonstrates that the liming of distinctly acid soils up to near pH 7 or 
above will rather rapidly transform considerable amounts of difficultly 
available phosphorus to a readily available form. Barbier and Cha- 
bannes (1949) conducted a somewhat similar experiment and obtained 

similar results. 
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IV. Chemistry Involved 

1. Early Ideas 

, nf soils with a soluble phosphate 

Voelcker (1863) treated a num q{ the phosphate. He con- 

and noted a rapid absorption from solution by lime and the 

eluded that the phosphate was remo ^ ^ phosph ate thus ab- 

hydrates of iron and aluminum. H attempt to differentiate 

Jrbed is quite available to-crop*, £. of the first, if 

W? soluble fertilizer phosphate by the 

oxide which responded markedly to a-nu^apphcaU P ^ 

fertilizer; however, after a heavy dose of marl, goon yi 

,h, totally insoluble feme <h«dta»» H / waii , n P soil , 

cidedly to phosphate fertilizer. These soils are also relatively low in aci - 
soluble calcium. 

2. Recent Ideas 

During the past twenty-five years, an extensive literature has de¬ 
veloped with respect to the substances and reactions which are involved 
when soils absorb and take out of solution soluble phosphates added as 
fertilizer. A select list of references in this connection has recently been 
compiled by Wild (1950) and Black and Pierre (1951). On the basis 
of the evidence obtained over this period, it appears that hydrated iron 
oxide, probably usually goethite (FeOOH), is the principal substance 
in most acid soils which combines with soluble phosphate in such a man¬ 
ner that the phosphate is made insoluble or only very slightly soluble 
in weak acids, such as carbonic and 0.002 /V H 2 S0 4 . Hydrated alumi¬ 
num oxide can act in a similar manner, but the phosphate probably does 
not become nearly so difficultly available. Kaolinite and clays of the 
montmorillonite type also absorb soluble phosphates, but the exact 
forms of the combinations have not as yet been definitely revealed. 
Tests made in the author’s laboratory indicate that the phosphate ab¬ 
sorbed by the latter clays is rather easily extracted with water and weak 
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acids, and is thus probably for the most part readily available for crop 
use. Details regarding the manner of combination and substances 
formed are found in other chapters. The information here will deal 
briefly with some of the chemistry involved when soluble phosphates 
are absorbed by soils and released through the action of lime or other¬ 
wise. This discussion will be limited to absorption by, and release from, 
goethite and the montmorillonite type of clay. 



Fig. 1. Growth of corn in quartz cultures with different phosphates (Truog, 
1918). The tricalcium, aluminum, and iron phosphates (nonbasic) were precipitated 
from solution, dried at 100° C, and mixed in the quartz. All other nutrients than 
phosphate were supplied in water-soluble forms. (86-Check, no phosphate. 89-Super¬ 
phosphate. 92-Rock phosphate. 95-Tricalcium phosphate. 98-Aluminum phosphate. 
101-Ferro phosphate. 104—Ferric phosphate.) 


A possible reaction that may take place when goethite absorbs solu¬ 
ble phosphate under acid conditions is the following: 

O O 

Fe + H 3 PO« = Fe + H,0 

\ \ 

OH HjPO* 

The release through liming may be represented as follows: 


4Fe 




O 


\ 


+ 2Ca(OH)t = *Fe 


H*P04 


✓ 

a 

\ 


o 


4- Ca,H s (PO<)« 4- *H a O 


OH 


The Ca 2 H 2 (P0 4 ) 2 may, under the influence of an excess of Ca(OH) 2 , 
go to Ca 3 (P0 4 ) 2 . However, under either condition the phosphate will 
be soluble in carbonated water or other weak acid, and thus be readily 
available for crop use. 

As shown in Fig. 1 (Truog, 1918), corn can feed rather well on 
precipitated tricalcium phosphate and also on aluminum phosphate. 
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i / a IPO ^ used here undoubtedly had 
However, the aluminum phosp ate ^ 4 formed in soils, 

a much higher availabihty than th b _yV ^ fonned when 

Because the crystalline fonn 0 . ble phosphate corresponds on 

goethite is digested «*•»«■"£ £ «We P Fe(OH ) 2 H 2 PO. 

JKSSft S - —J b - -* 

ten «, Fe0H,P0, H,0. Became of the «..e ™ih which Fe^ absorbs 

• att • MC +Vip writer does not favor 

- — ** di - 

»d°""..e ol phosphate from the mootmoriU.ni.e 
type of clays may be represented as follows: 


Clay = Ca -f H 3 P0 4 


H 

Clay^ H,PO< 

X c/ 


The phosphate thus fixed is easily extracted with carbonated water 
or other weak acid and is thus readily available for crop use. 


H 

Clay H,PO, + 2 H,CO, 
Ca 


II 

Clay^ + Ca(HCOj)i + H,PO. 

\t 


High base saturation of soils through liming will favor this type 
phosphate absorption and thus high avaitabiliTy ^ °f sod phosphorus. 
Barbier and Chabannes (1949) give evidence favoring this type of ph 
phate absorption when base saturation with calcium is high. 


V. The Phosphorus Cycle 

It is of interest to note that phosphorus in its cycle from rocks to 
soils to plants to animals and back to rocks again is associated with 
calcium to a large extent throughout. This cycle is illustrated schemati¬ 
cally in Fig. 2. It is usually assumed that in igneous rocks all of the 
phosphorus is associated with calcium in the form of apatite. In ani¬ 
mals, also, phosphorus is associated largely with calcium. Information 
in this connection provided by Sherman (1947) is as follows: About 90 
per cent of the phosphorus and over 99 per cent of the calcium of the 
human body occur in the skeleton; here the Ca:P ratio by weight is 
about 2:1, and the mineral portion of bone approximates the formula 
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CaC0 3 • 3Ca 3 (P0 4 ) 2 in which Fe, (0H) 2 , S0 4 , and 0 may substitute for 
the C0 3 radical. Calcium and phosphorus are by far the most abundant 
mineral elements in the human body, making up about 2 and 1 per 
cent, respectively, of its total weight. 

In soils, phosphorus is associated with calcium to varying degrees, 
depending upon the soil pH and supply of calcium. When soils are 



Fig. 2. The phosphorus cycle, showing relative proportions by width of bands 
of main forms of phosphorus that may exist at various stages, starting with the 
apatite of igneous rocks and going successively to various forms in soils, plants, 
animals, and sedimentary rocks. As indicated by internal arrows, phosphorus of 
plants and animals may return directly to soils. Also soils and sedimentary rocks 
including their phosphorus may revert directly from either to the other. Association 
of phosphorus with calcium throughout the cycle is brought into strong focus. 

highly calcareous (contain 5 per cent or more of CaC0 3 ), most of the 
phosphorus is usually associated with calcium in the form of calcium 
phosphate which may be more or less apatitic. Under these conditions, 
a low level of available phosphorus for crop use often exists. When the 
pH of soils is near the neutral point, 10 to 25 per cent of the phosphorus 
they contain often exist as calcium phosphate (non-apatitic). This is 
a very satisfactory state, because under these conditions crops will be 
able to obtain an ample supply of phosphorus for good growth, provided, 
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of course, that the pH has been^that level ^ 

total supply of phosphorus ui de for phosphorus to be asso- 

the pH of soils drops below 6 . 5 , the P ^ tfae availab ility 

elated with calcium drops rapidly, & ^ ^ J sphorU s of the soil is 
of the phosphorus for crop use. I 8_’ P rgl forms—organic, iron 
distributed about evenly between th 6^ and ca lcium phos- 

and other mineral phosphates of condition as regards a 

nhate This distribution represents a satisfactory o 

favorable supply of available Pb^Pboms ^r horus in the seeds 

In plants, the proportion of various for P P ns . in the former, 

is quite different from wha tit ismthe vege * may be 

only 10 per cent may be mineral, and ot the w P in the 

organic, 50 per cent and often much more m y ^ l$ usually 

vegetative organs, 50 per cent or even - te ] ar gely as calcium 

in mineral form, andP^sumably, f 9 ^ ^ phosphor us 

tttszzszz - ttjsxxz 

cent to about 0.40 per cent and even is * . also, this 

available phosphorus in the soi on w i mineral portion rather 

increase arises largely from an increase in the :mineralportion „ 

than from a marked increase in the organic portion; *e nmoe 1 P 
may go from less than 50 to over 60 per cent of the total. This is highly 

important from an animal nutrition standpoint, because 
t-irmc Tnrrie (1948) and Linton and Williamson (1934) raise a moot 
“2, » .h. availability of phytin ph-gj™ or »«n ; 

Son, particularly, of chickens. The manure analyses of Peperzak 1948 
are enlightening in this connection. They show a very low content of 
phytin phosphorus in the fresh excrement of farm animals excep 
chickens where it may represent 10 to 15 per cent of the total. This 
indicates’, in general, a satisfactoiy availability of phytin phosphorus in 
animal nutrition. Be this as it may, there appears to be no question bu 
that the mineral phosphates of plants are highly available in animal 
nutrition. Thus, the liming of acid soils assumes great importance, not 
only in promoting a favorable supply of available phosphorus for crops. 


but likewise for animals. 

The critical stage in the phosphorus cycle is the soil stage, because 
the availability of the phosphorus here determines the phosphorus con¬ 
tent of plant products on which animals feed. It is well known that 
these products are often too low in phosphorus content to meet satisfac¬ 
tory nutritional standards, making it necessary to make additions of 
mineral phosphates to animal feeds. On the basis of data now available, 
it appears safe to say that these additions could be largely eliminated 
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through adequate liming of the acid soils on which the feeds are grown, 
particularly, the legume forages. 

VI. Discussion 

There appears to be no question but that the liming of acid soils to 
a pH near the neutral point will promote the availability both of native 
soil phosphorus and of that applied as a soluble fertilizer. The case of 
rock phosphate, however, in this connection presents a dilemma: For 
the availability of rock phosphate to be at all satisfactory, soils must be 
kept distinctly acid, that is, at pH 6.0 or lower; unfortunately, in this 
pH range, the phosphorus of rock phosphate on becoming soluble and 
available is, when not absorbed shortly by a crop, usually fixed by iron 
oxide in difficultly available form. Thus, gradually the phosphorus of 
rock phosphate changes to an even less available form. On the other 
hand, if the soil is limed to near the neutral point, the solubility of the 
rock phosphate itself will be far too low to give satisfactory results. 

There exists abundant evidence that the liming of acid soils to near 
or above the neutral point will make some of the minor nutrient ele¬ 
ments less soluble and available (Truog, 1946). If the total supply in a 
soil of one or more of these elements is low, it may become necessary 
to make suitable additions. This, however, should not induce a farmer 
to forego the tremendous benefits derived from liming acid soils to near 
the neutral point, because these benefits will usually far outweigh the 
cost of adding the minor elements. Moreover, this liming by reducing 
the solubility of the minor elements will tend to reduce their loss by 
leaching. The high solubility of most of the minor nutrient elements 
under acid conditions means also that these elements will be lost more 
rapidly by leaching. This loss is one reason why acid soils are often 
low in their total supply of some of the minor elements, particularly 
boron. 

Liming of acid soils to near pH 7 and addition of such minor ele¬ 
ments as may be needed is usually the best method of building a soil to 
its highest state of general fertility. This will make possible the addi¬ 
tion of active organic matter, particularly, through the growing of 
luxuriant crops of alfalfa, clover, and other legumes; in time, this or¬ 
ganic matter will eliminate all minor element difficulties that may be 
experienced by liming up to pH 7 or thereabouts, which is necessary if 
a soil is to be brought to its highest state of fertility for all but a few 
special crops that do best under distinctly acid conditions. 

During the past 100 years or more, the liming of acid soils has re¬ 
ceived vigorous reoccurring attention by a number of investigators and 
writers. Johnston (1849) and Ruffin (1852) were among the first to 
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marized his extensive investigations g ,, in fi uence of this prac- 

land soils, and called attention did much 
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to reeive mterest in the >>”””| ° ,,d that a distinctly acid con- 

later, Whitson and Stoddart (1900) gg , h d is lackmg 

ditto of a soil is practically a certain nidicationthat the sou 

in available phosphorus. However, par y iki resu lts which 

ing interest in and need of fertilizers and the string r ^ ^ 

they produced, the great importance of mung was^ ^ # revival 
the background. Thus, even today, ere 1 { t h e great benefits 

emphasis in .donate hnung “ ^J^^t/av.il.biUty, 

the U .1 -- oi hme 

thatthe time has'arrive^when 1 Zl a“d" oils devoted to genera, f.rm- 

heavy dose. o. quick.™, we™> 

times apphed. Such use often gave large increases in crop yields at first, 
bS in tiL the yields declined sharply, giving rise to the proverb. 

“Lime and lime without manure. 

Makes both farm and farmer poor.” 

In the light of present-day knowledge, the occurrence of such a 
decline in productivity may be explained as arising most often from an 
exhaustion of the supply of available potassium. The results reported 
by Salter and Barnes (1935) show that when potassium and nitrogen 
were applied with the lime, there was an increase rather than a decrease 
in productivity over a 40-year period. There should of course be no 
question about the effects of liming: calcium and magnesium are 
thereby added and soil conditions in general are improved so that the 
resulting higher yields, particularly of legumes, will necessarily cause 
a heavier drain on the supply of available potassium and other elements. 
Regardless of the system of soil management, it must be expected that 
the larger the crop yields, the greater will be the drain on fertility ele¬ 
ments, and the greater will be the need of their replenishment in time. 
Liming helps to provide the conditions that make possible the most 
effective and economical use of the fertility elements naturally present 
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in soils and supplied in manure and fertilizers, and the foregoing 
proverb could well be reversed to read as follows: 

“Manure and fertilizer without lime, 

Will ruin both farm and farmer in time.” 

To meet the rapidly increasing need for greater food supplies and 
the ever rising labor costs, the pressure increases constantly to attain 
maximum yields. This means that for general farm crops, soils will 
need to be limed to near the neutral point in order that the soil phos¬ 
phate and that applied as fertilizer may retain a high state of availabil¬ 
ity. For maximum yields of a rapidly growing and potentially very 
high-yielding crop like corn, some locally applied fertilizer will always 
be needed even though a high state of fertility including a reaction of ap¬ 
proximately pH 7 is being maintained; however, under these condi¬ 
tions, the amount needed of the locally applied phosphate will be less. 
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Chapter X 

Laboratory Evaluation of Phosphate Fertilizers 

K. D. JACOB and W. L. HILL 


I. Introduction 

Chemical me .hod, have i-» 

of the phosphate fertilizer nidus y- P J a reasona bly 

manded a modicum of chermcal control ‘hat wouiam^^ ^ 

uniform product with economica required t he development 

market competition and consum P Since the primary 

trw solubility. In its fertilizer connotation quality also refers to t 
efficacy of the phosphate material as a nutrient for growing vegetatio 
Ind hence, the ultimate test of its quality is its performance in the field. 
Accordingly, much labor has been expended in efforts to develop pro¬ 
cedures for rapid chemical tests that may be expected to place sundry 
phosphate fertilizers in the same order with respect to quality as would 
be obtained in field testing. The two general types of tests give two 
measures of quality: the one being a result of a laboratory determina¬ 
tion based on solubility, called available phosphorus in North America, 
which has been written into the statutes of many jurisdictions both at 
home and abroad; the other being a composite of crop-response tests 
under a variety of conditions, which is called nutrient value, vegetative 
availability (the parallel term being chemical availability), or fertilizer 

efficiency. 

In North American fertilizer parlance, phosphates are divided into 
three categories (water-soluble, citrate-soluble, and citrate-insoluble) 
that represent roughly defined ranges of solubility. For example, the 
point of division between water-soluble and water-insoluble phosphates 
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lies somewhere between the solubility of monocalcium phosphate, 
which is classed as water-soluble despite its decomposition in contact 
with water to form dicalcium phosphate, and dicalcium phosphate, 
which is classed as water-insoluble despite the fact that its thermody¬ 
namic solubility is just under 2 millimoles of P0 4 per liter. However, 
the haziness of the borderline has not caused confusion, because the 
wide gap between the solubilities of known phosphate compounds in 
the two broad groups leaves little chance for doubt. Similarly, the 
water-insoluble phosphates are divided into two groups on the basis of 
their solubilities in specially prepared solutions containing citrate ion. 
The specifications for the reagent vary from country to country, and 
use is made of both neutral and alkaline ammonium citrate solutions, 
as well as solutions of citric acid, so that the nature of the solution must 
be stated or understood in discussions. In this country, where neutral 
ammonium citrate is the accepted reagent, citrate solubility without 
qualification refers to the neutral reagent. As a consequence of the 
separation of water-insoluble phosphates into two categories, the solu¬ 
bility of many crystalline phosphate compounds can be referred to 
either of two solubility scales. A little logic and considerable discretion 
permit the alignment of the scales shown in Fig. 1, for among the cal¬ 
cium phosphates dicalcium phosphate is considered completely soluble 
in neutral citrate solution, whereas fluorapatite is nearly insoluble. 
Thus, it would appear that the determination of the citrate solubility of 
a phosphate compound is a quick method for estimating the order of its 
water solubility. Accordingly, 50 per cent citrate solubility would cor¬ 
respond with a water solubility of the same order as that of silver chlo¬ 
ride at 25° C., which is one of the least soluble compounds used in 
gravimetric chemical analysis. Whereas the water-soluble phosphate 
compounds lie in the thermodynamic solubility range, 1 to 10 moles of 
P0 4 per liter, the water-insoluble calcium phosphates that are more or 
less soluble in neutral citrate solution are spread over a range from 
10' 3 down to 10~ 7 mole of P0 4 per liter. As a convenience in classifying 
the water-insoluble citrate-soluble compounds, subdivision of the range 
is desirable. To this end a citrate solubility below 30 per cent is con¬ 
sidered low , 30 to 70 per cent medium , and above 70 per cent high. 

The attempt to make solubility by one procedure or another parallel 
the nutrient value shown by crop response, also measured by sundry 
methods under widely variable conditions, has resulted in the develop¬ 
ment in fertilizer-consuming countries of procedures for solubility de¬ 
termination that have been accepted as official methods for the rapid 
evaluation of the quality of fertilizer offered to the farmer. Consider¬ 
able variation is to be expected in laboratory procedures developed 
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Fig. 1. Scales of solubility for ammonium and calcium phosphates. (Hill, 1951.) 


farming practices. It should be applicable to different types of fertilizer 
materials and mixtures. It should be capable of rapid execution, and it 
should yield precise results in the hands of different analysts. 

The purpose of this chapter is to bring together descriptions of the 
several methods, classified as far as possible for ready comparison, and 
to give a brief account of the experimental bases on which their merits 
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rest. A proper perspective of the methods, however, requires a full 
appreciation of the wide variety of materials under test. 

II. Phosphate Fertilizer Materials 

Phosphate-containing fertilizers may differ by virtue of (1) type 
of phosphorus compound, (2) assemblage of phosphorus compounds, 
(3) degree of crystallinity, (4) fineness, (5) associated nonphosphate 
compounds, and (6) the disposition of the compounds with respect to 
one another. As a matter of convenience, the second and third dimen¬ 
sions of variability are combined in the following discussion, as also are 
the fifth and sixth. 

1. Phosphate Compounds Found in Fertilizers 

A number of phosphate compounds that are met in fertilizers and 
related materials are listed in Table I. This list, far from being an ex¬ 
haustive one, consists of 41 compounds, inclusive of amorphous and 
crystalline modifications, and is composed of 23 orthophosphates, 7 
pyrophosphates, 7 metaphosphates, and 4 polyphosphates. Only 10 of 
them are water-soluble in the fertilizer sense, and 2 of these, being 
hygroscopic thermal products with a low calcium to phosphorus ratio, 
are unsuited for fertilizers; the remaining compounds exhibit a wide 
range of citrate solubility. The prominence of calcium salts among 
fertilizer phosphates is witnessed by the observation that 31 of the listed 
compounds contain this element. The bulk of the phosphorus in domes¬ 
tic processed fertilizers is carried in three compounds—monocalcium 
phosphate monohydrate, anhydrous dicalcium phosphate, and mono¬ 
ammonium phosphate. Smaller but important amounts are carried in 
phosphoric acid, calcium metaphosphate glas$, and alpha tricalcium 
phosphate. Considerable amounts also occur as poorly defined forms 
that often contain fluorine, such as the basic phosphates (inclusive of 
hydrated tricalcium phosphate) in ammoniated superphosphate and 
mixtures containing it and calcium iron (aluminum) phosphates in 
superphosphate and fertilizer-grade ammonium phosphate. 

2. Degree of Crystallinity 

In contrast with the homogenous compounds in pure form discussed 
above the most common phosphate fertilizers are assemblages of two 
or more phosphate-containing entities. For example, fertilizer-grade 
monoammonium phosphate is a mixture of monoammonium phosphate 
and a poorly defined and in part amorphous substance derived from 
impurities in the phosphoric acid; dicalcium phosphate is likely to be 
a mixture of the anhydrous and hydrated compounds; furnace products 
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evaluation of phosphate fertilizers 

1 -c wpll as crystalline compounds; and 
often carry an amorphous phase Asides monoScium phosphate mono¬ 
superphosphate usually contamsbe^ ^ ^ more or i eS s amorphous 
hydrate a small amount of unrea Thg j. like nature of super- 

material in both solid an (1935). Thus, phosphate materials 

phosphate is discussed by . Leh ^ eCke J 1 ition an d behavior as a conse- 
are subject to wide vanation si« ^“^lages and in the degree of 
quence of differences both m the P co ® ered in the following 

crystallinity. The more common cases 

classification: 

A. Crystalline phosphate compounds. j is mon0 ammonium phosphate 

1 Single homogeneous compound. An examp 

made from electrothermal acid. mixture 0 f m0 noammonium and 

5 ,oi 

-* - «o- —«• 

C. Both crystalline and amorphous coi “*?!"* N a tiaUy fused compound that 

'• stjss: £££■&• ,i ” ph ” 

has the higher solubility. 

2. Phases have tnca.cium phosphate consists of a 

- STS .1*. tricakium phosphate. U — — 

pies, at least, the glass has the '^"^tormorecrystalUne phases. Am- 
b. One amorphous phaseor wet . process acid , which consists of mono- 

momum P 0S P a complex component containing phosphorus, 

ammonium phosphate and P amorphous; fairly fresh super- 

Sr^h is "mptek of monocalcium phosphate unreac.ed rock. 

hnuid sol'ution, and some amorphous solid phosphate substance; and am- 
moniated superphosphate consisting of monoammonium phosphate, dica - 

cium phosphate, and more or less amorphous solid phosphate substance. 

Perhaps the chief value of this exercise in classification with ex¬ 
amples lies in the emphasis it gives to the great complexity of the mo^t 
widely used domestic phosphate fertilizer materials. The more common 
ones fall in the last group. In general, the number of dimensions of 
variability is large, and consequently the solubility determinations re¬ 
quired by practical tests of fertilizer quality cannot be expected to yield 
reliable information on the specific behavior of any single component. 
Nevertheless, the result has significance as an index of the behavior 
of the assemblage and therewith the quality of the phosphate contained 
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TABLE II 

Solubility of Some Phosphate-Containing Fertilizers 


Fineness Total Percentage of total PjO* 

of PjO*,- 

sample, per Water- Citrate- Atail- 
Material mesh cent soluble soluble* able 


Ammonium phosphate, 11-48-0 

- 20 

49.3 

89 

9 

98 

Ammonium phosphate,16-20-0 

- 20 

21.1 

86 

12 

98 

Superphosphate, normal 

- 20 

20.5 

78 

18 

96 

Superphosphate, triple 

- 20 

46.9 

84 

13 

97 

Ammoniated superphosphate* 

- 35 

19.7 

54 

36 

90 

Ammoniated superphosphate 1 * 

- 35 

19.1 

21 

63 

84 

Dicalcium phosphate 


40.4 

5 

91 

90 

Byproduct phosphate* 

- 80 

39.7 

4 

93 

97 

Calcium metaphosphate glass 

- 80 

63.6 

1 

98 

09 

Phosphate rock-magnesium silicate glass 7 

- 80 

22.1 

0 

88 

88 

Fused tricalcium phosphate 

-100 

28.1 

0 

79 

79 

Basic slag, domestic 

-100 

11.9 

0 

86 

86 

Rhenania phosphate* 

-100 

26.1 

0 

92 

92 

Florida land-pebble rock* 

-100 

33.0 

0 

8 

8 

Boncmeal 


24 5 

0 

57 

57 

Mixed fertilizer, 3-12-6 

- 35 

12.4 

57 

41 

98 

Mixed fertilizer, 5-10-6 

- 35 

10.4 

54 

44 

98 

Ferric phosphate,* air-dried precipitate 

- 80 

32.8 


100 

100 

Same after ignition at 1000° C. 

- 80 

43.7 

• • 

31 

31 

Aluminum phosphate,*' air-dried precipitate 

- 80 

36.5 

• • 

100 

100 

Same after ignition at 900° C. 

- 80 

54.1 


100 

100 

Aluminum phosphate,*' natural 

-100 

42.3 

0 

9 

9 

Same after ignition at 800° C. 

-100 

55.4 

0 

76 

76 


* Determined on waler-waahed sample with neutral citrate solution. 

* Contains ammonium sulfate. 

« Neutralizing ammonia equivalent to 1.75 per cent nitrogen. 

* Neutralizing ammonia equivalent to 5.12 per cent nitrogen. ... 

* Byproduct of sodium phosphate manufacture from wet-process phosphoric acid. Similar material is 

responsible for citrate-soluble phosphorus in ammonium phosphate fertilizer. 

/ Prepared by fusing a proportioned mixture of phosphate rock and magnesium silicate. 

* Produced in Germany by calcining a proportioned mixture of phosphate rock and soda ash. 

* Solubilities of other phosphate rocks are given in Table XI. 

* Not on the fertilizer market 

in it. With mixed fertilizers the situation is usually much more com¬ 
plicated than with the materials. Solubilities of some phosphate fer¬ 
tilizers are given in Table II. 

3. Fineness Considerations 

a. Particle Size. The fineness of a particulate material is most sim- 
ply defined in terms of the mesh of a sieve with openings barely large 
enough to allow 100 per cent of a representative sample to pass. Thus, 
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■a v, ♦ thp size of the particles except that they are 
nothing can be said about the ^size P In both commercial 

smaller in two dimensions to® materials are often ground 

and laboratory practice, howeve ’ ' rather than being ground just to 

to pass a specified sieve by a “ J ’thing more than a nominal fine- 
pass, whereupon the stated mesh ^8 of sam ples for 

s&jszz s* f •rsn 1 :ssftsi 

ing in a plate niill. f art j c le size on the solubility pattern 

For studies of the influence o p nhtained by the use of two 

of fertilizers, better definition rf upper and 

.h. %**;££* T he JLpl. thus prepared is a sire fr** 
a lower limit of the size rang ^articles in it is assumed 

*» =1 the fertilizer, and the .re^« '*£*£*£ iB chemical 

L^.n"‘iTl 0 ..ria, yj-TM-g- £ 

fairly -U * 

" eXT 8 ^ , ” e ^ e »» l »''< 1 phosP|»<«» rel * U °" 

well with those on comparable size fractions in the case of fused trical¬ 
cium phosphate, the only material for which the data are adequatesfcn 
reliable comparison on the steep part of the solubility curve The gen¬ 
eral case in which the effect of particle size disappears at finenesses 
within the practical range of sieves is illustrated by the curve for meta¬ 
phosphate glass. The low solubility of the coarsest Florida land-pebble 
phosphate was doubled by grinding it to pass the 200-mesh sie\e. 

b. Grain Size. The two glass materials cited in Fig. 2 are composed 
of one phase that is practically homogeneous, which means that the 
particles of the respective materials are alike except for shape and size. 
Furthermore, the surface area is restricted to a very considerable ex¬ 
tent to the outer (geometrical) boundary of the particles, though cracks 
no doubt make a significant contribution to the total surface area. 
Phosphate rock, on the other hand, is composed largely of more or less 
inhomogeneous aggregates of small grains firmly cemented together. 
Whereas aggregate size is expressed in terms of sieve openings, grain 
size is ordinarily inferred from surface area measurements. The grain 
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Fig 2. Dependence of neutral citrate solubility of furnace products and phosphate 
rock on fineness of sample. Solubility determinations made with periodic agitation 
during the citrate digestion. Results on size fractions of metaphosphate glass by 
Jacob et al. (1951); those on size fractions of fused tricalcium phosphate by Armiger 

et al (1945); others by Hill (1947). 

sizes thus indicated by the measured specific surfaces of a number of 
phosphate materials are shown in Table III. It should be noted that the 
specific surface of -200-mesh phosphate rocks ranges from about 1 to 
20 square meters per gram, or 20 to 400 times that for spheres having 
the same mean dimensions, and that for steamed bone is 66 to 67 square 
meters per gram, whereas the precipitated basic phosphates fall in the 
intermediate range. The corresponding grain sizes range from 0.03 
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table III 


OF Some Natural 


Neutral 

citrate 


Item 

No. 


Type or source of phosphate 


1 Virginia apatite 

2 Curasao Island rock 

8 Tennessee brown rock 

4 Florida land pebble 

5 Florida land pebble 

6 Florida land pebble 

7 Morocco rock 

8 Pseudowavellite* 

9 Steamed bone 

10 Steamed bone 

11 Steamed bone 

12 Precipitated basic phosphate, 

P*0*/CaO = 0.85 

13 Precipitated basic phosphate, 

P,0,/CaO = 0.79 

14 Precipitated basic phosphate, 

PtOs/CaO = 0.80 

15 Precipitated basic phosphate, 

PjO*/CaO = 0.85 

16 Phosphate rock-magnesium 

silicate glass 



Specific 



solubility of 


surface, e 

Aggregate 

Grain 

phosphorus / 

Mesh 

size* 

m* per 
gram 

size, d 
microns 

size, 9 

microns 

per cent 
of total 

-200 

1.2 

37 

1.7 

2.1 

-200 

5.2 

37 

0.39 

14.0 

-200 

8.3 

37 

0.24 

6.1 

-100 

11.2 

75 

0.18 

9.3 

-200 

13.9 

37 

0.14 


a 

18.0 

5 

0.11 


-200 

20.5 

37 

0.098 

15.7 

-200 

20.2 

37 

0.099 

7.9 

16-28 

66.2* 

795 

0.030 


100-200 

G6.2< 

112 

0.030 


0 

67.0 

5 

0.030 



63.7 


0.031 

60» 


55.3 


0 036 

62 


36.3 


0.054 



26.9 


0.074 


-150 

0.1 

53 

20 

84 


• Unpublished data of Division of Fertilizer and Agricultural Lime. Bureau of Plant Industry. Soil*, and 

Agricultural Engineering. ... ... . . . 

4 Material ground just to pass sieve, unless it is indicated otherwise by footnote or by statement of upper and 
lower sieves. Openings of 16-. 28-. 100-, and 200-mesh sieves were 1000. 500. 149. and 74 microns, respectively. 
« Measured by Brunauer-Emmett-Teller gas absorption method. 

4 Mean sieve opening. . , , , 

• Diameter of nonporous sphere having same density and specific surface as phosphate. For this calculation 

the absolute density of the phosphates is assumed to be S. 

/ Results for items 1 to 8 were determined on —100-mcsh materials. 

• Sample, prepared with use of Roller analyser, was - 10-micron material. 

• Concentrate from Bartow clay, a phosphate found in Florida. 

• Hendricks and Hill (1950). 

» Digestion period 0.5 hour; other results 1 hour. 


micron in steamed bone to 1.7 microns in Virginia apatite. The specific 
surface of the steamed bone (items 9 to 11) is sensibly independent of 
aggregate size, which indicates that the pores are all open to the out¬ 
side. Although the measured surface of the Florida land pebble (items 
4 to 6) increased about 63 per cent upon changing the mean aggregate 
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size from 75 microns to 5 microns, this increase in surface is small in 
comparison with the 15-fold change in aggregate dimension and can be 
attributed mainly to the opening of blocked pore space with reduction 
in particle size. Accordingly, the grain size of this rock appears to be 
about 0.11 micron. 

In solubility studies of fertilizers the influence of grain size on 
solubility has not been isolated from composition effects and other fac¬ 
tors, though surface area is often mentioned as an important factor. 
Interestingly enough, the neutral citrate solubility of phosphate rocks, 
though low, appears to parallel the measured surface areas reasonably 
well (Table III, last column), if allowance be made for known com¬ 
positional differences, such as fluorine deficiency and a consequent pre¬ 
ponderance of hydroxyl in Curasao phosphate and the nonapatite na¬ 
ture of pseudowavellite. 

c. Surface Sorption. Many of the specific surfaces listed in Table 111 
fall within the range for colloids. In this connection the precipitated 
basic phosphates have a special significance, since relatively large 
quantities of them may be formed in situ in fertilizers when the super¬ 
phosphate component is neutralized, wholly or in part, by the addition 
of ammonia or liming materials. The precipitated phosphates listed in 
the table, having been prepared with the hope of obtaining well-defined 
materials, do not cover the known range of surface areas for such mate¬ 
rials. Basic phosphates with specific surfaces ranging from a few to 
nearly 150 square meters per gram can be prepared m the laboratory 
by suitable adjustment of the conditions of precipitation (Gee and 
Deitz, 1952). The sorptive character of the surface of basic P h °sphates 
is shown by the work of Lorah et al. (1929), Logan and Taylor (1938), 
and Olsen (1952), among others. Such extensive sorption surfaces de¬ 
veloped in the presence of sorbable ions alter the true composition of 
the sorbent to the extent that a chemical analysis for total constituents 
does not reflect the true character of the initial sorbing compound. Fur¬ 
thermore, the crystallinity of the fine-grained sorbent is open to ques¬ 
tion for basic phosphates, especially rapidly formed materials are per¬ 
haps never completely crystalline initially. Nearly completely amor 
phous products can be prepared under practical conditions (Gee and 

Del The combination of small grain size, surface sorption, and degree of 
crystallinity, each subject to uncontrolled variation, is responsible for 
the poor definition of precipitated basic phosphates encountered m 
fertilizers In a recent study (Hecht «f al, 1952) the citrate-insoluble 
portion of the basic phosphate in heavily ammomated normal super¬ 
phosphate was found to consist of 89 per cent crystalline apatite, 4 per 
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, . , . arl j 7 ner cent unidentified substances, 

cent beta tricalcnun phosphate a 7 P preparations is illustrated 

The widely variable connected by line 

•« *• 



Fig. 3. Dependence of neutral citrate solubility of precipitated basic calcium 
phosphates on the chemical composition of the sample. Air-dried materials prepaied 
by sundry methods. 


and to possess a high degree of crystallinity. These aspects of the other 
materials were not determined. It will be noted that preparations with 
a calcium to phosphorus ratio near that of tricalcium phosphate present 
the widest observed spread in solubilities, which range from 22 to 76 
per cent. The more soluble materials on this vertical may have con- 



312 


K. D. JACOB AND W. L. HILL 


tained some dicalcium phosphate, but the equivalent mixture of hy- 
droxylapatite and dicalcium phosphate, assuming the solubilities to be 
additive, would show a solubility of only about 50 per cent. 

4. Presence of Other Salts 

Many of the phosphate fertilizer materials are produced with a 
substantial complement of nonphosphorus compounds. Normal super¬ 
phosphate carries calcium sulfate, ammonium phosphate usually con¬ 
tains more or less ammonium sulfate, and the products of nitric acid 
treatment of phosphate rock carry ammonium nitrate and/or calcium 
nitrate. When these materials are used in compounding complete 
fertilizers, potassium salts and other substances become a part of the 
assemblage of compounds. The associated salts influence the quality of 
the phosphate in one way or another—in some cases markedly, in others 
hardly at all. With some combinations reaction occurs, so that the mix¬ 
ture has to be cured for a period before it is ready for shipment to the 
consumer. For example, ammonium sulfate reacts with the monocal¬ 
cium phosphate of superphosphate to form monoammonium phosphate 
and calcium sulfate. Thus the added compound is not necessarily the 
resident compound in the mixture. Even though chemical reaction does 
not take place, the solubility of the phosphate is often affected ap¬ 
preciably by the presence of other salts. For example, the water solu¬ 
bility of dicalcium phosphate is enhanced several fold by the presence 
of ammonium nitrate. These considerations emphasize the importance 
of the assemblage of compounds in the fertilizer as a determining factor 
of the quality of the phosphate component. 

The disposition of the compounds with respect to one another in 
the mixture can influence the quality of the phosphate component. The 
effects stem from the character of the contacts between the compounds. 
The extent of the contact area between two component compounds is 
determined mainly by their finenesses, the thoroughness of dispersal, 
and the proportion of other components. The usual supposition is that 
compounds formed by reaction in the mixture are fine grained and 
well dispersed through the mixture. In some instances one component 
may envelop considerable quantities of another. A graphic example of 
this condition is furnace products that consist of crystals imbedded in 
glass. In the event the enveloping substance has the lower solubility, the 
observed solubility of the product is likely to be sensitive to the fineness 
of the sample. A somewhat similar condition obtains in granulated 
fertilizers as a consequence of the tendency for the more soluble com¬ 
pounds to concentrate in the surface crust of the granule during the 
drying operation. 
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III. Methods of Evaluation in the Laboratory 

The first enterprise for prodnangQSuperphosp^te^ 

Lawes and Gilbert in ^ and °^ fer ^ ers In the early years quality 
of chemically processed Phosphate $oluble part of supe rphos- 

tests were concerned mainly with bong was attri b u ted mostly, if 

phate, since its superiority over , Later on, the nutrient 

not entirely, to the wi * ter ' solub ® j £ °^ a part 0 f it, of superphosphate 
value of the water-insoluble fracUon, or a part^t a$ faeing 

and other chemically treated p P ^ time until the present 

superior to that of the raw ^^ZtThTbeen generally ac- 
the P high quality of oi quahty tests has 
cepted, and the major eff water _ Soluble phosphates. Numerous 

SiSS .gp-d -*-£ 

IdaS me a th f S eiTerV^tutory regulation or by common consent in 
the following chemical determinations. 


Total phosphorus. 

attaTe^ohAlep^Ss with use of neutral ammonium citrate 
solution, or alkaline ammonium citrate (Petennann, 1880)^ 

Citric acid-soluble phosphorus with use of 2 per cent citric acid solu- 

tion (Wagner et al., 1903). 


1 . Official Methods 

a. History. Soon after the establishment of the commercial ferti- 
lizer industry, agricultural chemists in Germany took the lead in the 
standardization of laboratory methods for evaluating phosphates, and 
as a result of their labors procedures were developed for evaluation with 
the use of citrate solutions, both neutral and alkaline, and citric acid 

solution. . 

With the founding of the Association of Official Agricultural Chem¬ 
ists (A. 0. A. C.) in 1884, the development of official methods for 
analyzing phosphate fertilizers in the United States and Canada was 
organized on an orderly basis. The subject received major considera¬ 
tion at the first annual meeting (A. O. A. C., 1884), and it has con¬ 
tinued to occupy a prominent place in the Association’s work. Thus, 
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papers and reports relating to methods of phosphate analysis have been 
presented at 63 of the 65 annual meetings of the Association to 1951. 
The importance attached to methods for evaluating the quality of 
water-insoluble phosphorus is indicated by the fact that such methods 
received attention at no less than 56 of the meetings. 

An excellent account of the world progress in methods of phosphate 
fertilizer analysis to about 1930 is given by Ross and Merz (1931). 
The principal developments to the present time are noted in the follow¬ 
ing paragraphs, with special reference to the United States. 

1. Water-soluble phosphorus. During early years of the chemical 
fertilizer industry there were different views among chemists as to the 
correct manner of extracting fertilizers, especially superphosphate, for 
the purpose of determining water-soluble phosphorus, as pointed out by 
Stohmann (1864) and Fresenius (1868). In fact, most analysts had 
their own modifications, so that lack of agreement in their results was 
not uncommon. This situation led to the adoption of a standard method 
for water-soluble phosphorus in superphosphate at a meeting of German 
agricultural chemists, physiologists, and experiment station directors 
held in Dresden in 1871 (Anonymous, 1871). Modifications of the 
method were adopted at subsequent meetings in Germany, including 
one at Magdeburg in 1872 (Anonymous, 1873) and another at Halle in 
1881 (Anonymous, 1882). Attendance at the Halle meeting comprised 
German experiment station directors, trade and technical chemists, 
and fertilizer manufacturers. 

In the meantime, methods of phosphate analysis were being in¬ 
vestigated in the United States by fertilizer control chemists and others, 
and a procedure for the determination of water-soluble phosphorus was 
adopted at the first annual meeting of the A. 0. A. C. (1884). Further 
study led to the adoption in 1891 of a new procedure which specified 
that a 2-gram sample be washed with successive small portions of cold 
water to a filtrate volume of about 250 ml. No further major change 
was made until 1931, when the sample weight was reduced to 1 gram 
on the basis of evaluation studies on ammoniated superphosphate 
(Howes and Jacobs, 1931; Keenen, 1932; Ross and Jacob, 1931; Ross 
et al ., 1932). 

2. Phosphorus soluble in neutral ammonium citrate solution. It ap¬ 
pears that evaluation of water-insoluble phosphorus with the aid of 
ammonium citrate solutions was first suggested by Fresenius, Neubauer, 
and Luck (1871) in Germany. They showed that less than 2 per cent of 
the phosphorus in a finely ground, raw phosphate was dissolved when a 
0.5-gram sample was digested at 30° to 35° C. in 50 ml. of neutral am¬ 
monium citrate solution (1.09 sp. gr.) for 0.5 hour with continuous 
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, Vnn5 05 per cent of the phosphorus in a 
shaking. Under the same condmons P ^ 

sample of precipitated calcll ™^J ates these workers recommended 
For the analysis of superph p of the material, prepared 

that the water-insoluble re ^ d ”® water Tintil the filtrate was no longer 
by washing the sample with cold w ^ ^ & ^ ^ of the citrate 

acid in reaction, be digested a * ^ ^ frequent intervals. The 

solution for 0.5 hour wi , , two or three times with a mixture 

citrate-insoluble residue was w d h ana lyzed for ph°s- 

of equal parts of water and obtaine d indirectly by 

phorus. The citrate-soluble P h P ho citrate-insoluble phos- 

subtracting the sum of the w^er-^ubk 30^ was * de . 

Se^’ e i™«i£ P ph« S phoru, directly by ,na.y»s - *• 

ci ”i"Sd for 

,he fir,, .nuual ^Meubouer, end Luck for ,uperpho,- 

procedure proposed by t resen , , the no table excep- 

phate, as outlined m the preceding p g* P > d h insoluble 

tions that the citrate digestion was made at 65 ^ of the 

residue - « 3-*- <»« ~ 

JitJ f^i r be dieted directly 

of precipitated phosphates, specifically dicalcium phosphate. As a re¬ 
sult of The previously mentioned studies of ammoniated superphos¬ 
phates (Howes and Jacobs, 1931; Keenen, 1932; Ross and Jacob, 193, 
Ross etal, 1932), involving extensive laboratory and ^-0 in¬ 
vestigations, this modification was extended m 1931 t0 
acidulated fertilizers, except basic sbg which was evaiuated by the 2 
per cent citric acid method, and to acidulated fertilizers, with the fur¬ 
ther provision that the time of the citrate digestion be increased from 

0.5 hour to 1 hour. , , A/T T 

At the 1943 meeting of the A. O. A. C., it was proposed by Maclntire 

et a i (1944) that manual shaking at 5 -minute intervals during the 
citrate digestion, as specified in the official method, be replaced by con¬ 
tinuous agitation with the aid of a mechanical device. Later, the use of 
continuous agitation was subjected to collaborative study (Jacob et at ., 

1948, 1949) and was officially adopted as an alternative procedure in 

1949. ’ 

The neutral ammonium citrate procedure was officially adopted for 
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the evaluation of basic slag at the 1949 meeting of the Association. At 
the same time the 2 per cent citric acid method was deleted from the 
official methods, and the neutral citrate procedure was made official for 
all phosphate materials and mixtures. These changes were based on the 
results of studies and investigations, both chemical and agronomic, con¬ 
ducted over a number of years by the Association (Ross and Jacob, 
1937; Jacob et al ., 1947, 1949, 1950) and others. 

3. Phosphorus soluble in alkaline ammonium citrate solution. Use 
of an alkaline solution of ammonium citrate for evaluation of the 
water-insoluble P 2 0 5 in fertilizers was recommended by Joulie (1873) 
in France, about 2 years after Fresenius, Neubauer, and Luck (1871) 
proposed the use of neutral citrate for this purpose. At a meeting of 
agricultural experiment station directors held in Karlsruhe, Germany, 
in 1879, the results of numerous plant-growth experiments with various 
water-soluble and water-insoluble phosphates were presented by A. 
Petermann (1880), Gembloux station, Belgium, who proposed that the 
water-insoluble phosphorus in fertilizers be evaluated with the aid of 
an alkaline ammonium citrate solution (ca. 1.082 sp. gr. and 9.0 pH). 
Mohr (1884) recommended that the Petermann solution be used not 
only on superphosphate but also on precipitated phosphates, mixed 
fertilizers, and other products, with digestion of the sample at 60° to 
70° C. instead of 35° to 38° C. 

The Petermann method, in one form or another, is an official pro¬ 
cedure in a number of countries, chiefly in Europe. It should be noted, 
however, that alkaline citrate methods have not been investigated or 
used to any extent in the United States. 

4. Citric acid-soluble phosphorus. When basic slag was first intro¬ 
duced as a fertilizer in the early 1880’s, the material was evaluated on 
the basis of its total phosphorus content and fineness. The need for other 
bases of evaluation soon arose, however, because of the temptation to 
adulterate the slag with raw phosphate rock. For this purpose, Wagner 
(1894, 1895) recommended a modification of a method based on the 
use of an acid ammonium citrate solution, which he had proposed 
earlier (Wagner, 1886) for the evaluation of superphosphate and 
precipitated phosphate. The modified method was used for a time by 
the association of German agricultural experiment stations for evaluat¬ 
ing basic slag, and it is still used in China (Taiwan) as an alternative 
procedure for evaluating precipitated calcium phosphate. 

Gerlach and Passon (1896) concluded that free citric acid, rather 
than ammonium citrate, was the principal active agent in Wagner’s 
acid citrate solution, and they suggested that the ammonia could be 
omitted. 
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slag be evaluated with the aid P ^ fl/ (190 3), involved plac- 

method, as described m e y flask contain in g 5 ml. of alcohol, 

in g 5 grains of ground slag m a a ac id solution at 

flng the flask to the mark with 2 per-cent m a ma . 

17.5° C., rotating f e ° P f minute , immediately filtering the 

chine turning 30 to 40 ^ phosphorus . This method was 

^emSVTdoptd and Ls contmued to be an official procedure for the 

analysis of basic slag ^ m ^ { C ^^i\^ ici ^ iur al Chemists appointed 
In 1911 the Association of Official Agnc Qn ^ basis of 

a special committee to inves lg tests was concluded in the 

numerous laboratory, green ou , ^ 1924 ) that the results ob- 

«*.* - 

Association in 1923 (Haskins et al., 19/3; Wilhelmj 

The work of Gerlach and Passon (1896), Hack! 

J AS) and others indicated that the neutral and alkaline citrate 

“,S«pU! in neutral —ium M. solution, >“ “ 

oufte sensitive to variations in the ratio of sample weight to solven 
volume as is generally true also of the phosphorus in other types o 
chemically processed, water-insoluble phosphates (Jacob et al, 1931 
1932b 1936). It was further shown (Jacob et al., 1949) t at, wi a 
ratio of sample weight to solvent volume of 1 gram per 100 ml and 
other conditions as specified in the official method for citrate-insoluble 
phosphorus in nonacidulated products (Association of Official Agricul¬ 
tural Chemists, 1950), the solubility of slag phosphorus in neutral 
citrate solution is close to its solubility in 2 per cent citric acid by the 
Wagner method. Accordingly, the 2 per cent citric acid procedure was 
discontinued as an official method of the A. O. A. C. at the meeting in 


1949. 

b. Analytical Procedures. The declaration of guarantees noted in 
Section V requires a group of seven phosphorus determinations con¬ 
sisting of total phosphorus and six fractional determinations, namely: 
water-soluble, citric acid-soluble, neutral citrate-soluble, alkaline 
citrate-soluble, water- and neutral citrate-soluble, and water- and alka¬ 
line citrate-soluble. The latter two determinations differ from the two 
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immediately preceding ones, respectively, in that the sample is washed 
with water and the water-insoluble residue is digested with the citrate 
solution; the soluble phosphorus is then determined (1) directly on the 
combined water and citrate extracts, or (2) by difference between the 
total and the citrate-insoluble phosphorus. 

The official procedures used in the United States, Canada, and 
Mexico are those of the Association of Official Agricultural Chemists 
(1950). The Association’s methods or adaptations thereof are also used 
wholly or in part by a number of other countries, including Chile and 
some of the Australian and Brazilian states. The methods used in 14 
countries of western Europe are outlined in a recent publication of the 
Organization for European Economic Co-operation (1952). 

Fortunately, the extraction procedures are defined by a relatively 
small set of important stated conditions, which afford a basis for com- 

TABLE IV 

Properties and Performance ok Reagents Used for Extraction of Soluble 
Phosphorus from Fertilizers in Official Tests of Quality 


A. Properties 0 


Concentration 


Reagent solution 

Specific gravity 
(temp., °C.) 

pll 

Per cent 
by weight 

Molarity of 
citrate ion 

Citric acid (HjCsHiOT'HjO) (Wagner) 

1.007 (15) 

2.0* 


■a 

Neutral ammonium citrate 

*1.09 (tO) 

*7.0 

20 

Kl 

Alkaline ammonium citrate (Petermann) 

•1.08' (15) 

9.0* 

20 

0.84 


B. Performance on Fertilizers*** 


Soluble phosphorus (per cent of total P ) found in — 


Ammoniated superphosphate, 
Fused tricalcium 4 per cent NHj 

phosphate, — - 

Reagent solution -100 mesh Prior water tvash Without water wash 


Citric acid 

82 

Neutral ammonium citrate 

79 

Alkaline ammonium citrate 

55 


83 

70 


77 

65 


• Specified properties are marked with an asterisk; others are estimated. 

» Determined by J. H. Caro. Bureau of Plant Industry. Soils, and Agricultural Engineering. 

« The specifications require the specific gravity to be 1.082 to 1.088 and 1 ml. to contain 0.042 gram of N. 
a Digestion with citric acid was with continuous agitation; citrate digestion was with periodic agitation 
(A. O. A. C. procedure). 
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additives, such as wetting a 8 en ’ ^ of the three reagents con- 

temperature, and duration. S°® P P h er{orman ce of these ex- 

„W»g citrate ion f hrdUzer, is .horvn in Table IV. Per- 

tractants on two typical Phosphate ten a ar[son between citrate 

haps the chief point of '« terest h resu Us obtained on ammon- 

solutions. It should als ° be "ft ^fa!-e influenced noticeably by 
iated superphosphates by bo t washing on neutral 

prior washing with water. The effect oi 

citrate solubility was studied by Jacob> " classified accord- 

Specifications for the preceding hst of ‘ summariz ed for 

i„g to the six ways of fraCtl °“^ 1 d g ^ Each specification is listed only 
sev-al coirnmes•» Jocedures containing it. Hence, the 

of any K 

Z among procedures using the same extractant. The pro«dure o 

:rrt ren “ ,s 

portance is variation in the execution of a particular procedure e 
bodying one of the general methods for fractionating the phosphorus 
in fertilizers, for example, the neutral citrate method as it is applied to 
water-insoluble phosphates in the United States. It is hardly necessary 
to note that good reproducibility of results both within and among lab¬ 
oratories depends on uniformity of execution of the procedure and that 
the basis of significant deviations must be sought among the conditions 


obtained in practice. lf 

Procedure execution is intimately related to the procedure itself 

Stated conditions must be attainable by reasonably simple means and 
at the same time susceptible to uniformity of application. Some condi¬ 
tions are critical, whereas others are not. The critical ones are often 
called factors. The ideal in procedure design is to specify only critical 
conditions. However, a difficulty lies in the circumstance that a condi¬ 
tion found unimportant for one material may be critical for another. 
Continuous agitation is an example (Jacob et al., 1936, 1948, 1949, 
1950, 1951; Maclntire et al 1944). Furthermore, certain critical con- 



TABLE V 

Conditions Specified in Several Countries for Extraction of Soluble Phosphorus from Fertilizers with Water Alone and 

with Citric Acid Solution® 
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TABLli VI 

Conditions Specified in Several Countries for Extraction of Soluble Phosphorus from Fertilizers with Citrate 
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ditions cannot by any practical means be maintained constant through¬ 
out the fractionation process, and consequently the specifications refer 
only to the initial conditions. Some initial conditions can be simply 
defined in nominal terms only. Thus the nominal conditions together 
with numerous unspecified conditions constitute a set of ambient condi¬ 
tions that are responsible for the uncontrolled variation in procedure 
execution. 

Among the specified conditions mentioned in the preceding section, 
digestion temperature is maintained constant for the duration of the 
digestion. Solvent pH and concentration, additive, sample weight, 
and sample-solvent ratio are constant initial conditions. Fineness of 
sample and type of agitation are nominal conditions. Since sample 
weight and sample-solvent ratio refer to the material under test, the 
phosphorus-solvent ratio, which is perhaps the critical condition, varies 
with the phosphorus content of the sample. The mean particle size of 
different grinds of a material often varies considerably within the 
range below the specified sieve. 

Each laboratory has established practice for the routine performance 
of general operations. This customary way of doing laboratory work 
contributes in a considerable measure to uniformity in procedure execu¬ 
tion as regards many of the ambient conditions. Accordingly, critical 
conditions not specified in the procedure may be controlled auto¬ 
matically within sufficiently narrow limits. However, this automatic 
control of ambient conditions, and with it also procedure execution, 
varies more or less from place to place. For this reason the reproduci¬ 
bility of results among laboratories is not ordinarily as good as that en¬ 
joyed within a laboratory. The conditions specified in the neutral 
citrate procedure, as well as numerous other pertinent conditions, have 
been investigated more or less extensively with a view towards deter¬ 
mining their influence on the analytical result and finding the most 
effective specification for minimizing their effects on reproducibility 
(Adams and Ross, 1938; Howes and Jacobs, 1931; Jacob and Trem- 
earne, 1937; Jacob et al , 1932a, 1936, 1948; Maclntire and Hardin, 
1935; Maclntire et al , 1935, 1944; Ross and Adams, 1939; Ross and 
Hardesty, 1936; Ross et al , 1932). The success of these efforts is per¬ 
haps best indicated by the agreement of results now attainable among 
laboratories, which is illustrated by some examples selected from a 
recent collaborative study and presented in Table VII. 

d. Application to Different Materials. When the procedure is ap¬ 
plied to different materials, composition in all its aspects (Section II) 
constitutes an important set of ambient conditions, which, being capable 
of rather wide ranges of variation, render physical interpretation of the 
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table vii 

_ SoME Typical Fertilizers by Different 

Soluble PhosprobusJoun ^ ^ Cql labqrative Study- - 


Fineness, Total PtOt, 
mesh cent 



Soluble phosphorus * 
per cent of total P 


Range Average 


Ammoniated superph° s P hateC 
Ammoniated superphosphate* 

Mixed fertilizer, 4-12-6* 

Fused tricalcium phosphate 
Phosphate rock-Mg silicate glass 
Florida land-pebble rock 


40 

40 

40 

100 

100 

100 


21.0 

19.7 

12.3 

27.7 

20.4 

30.8 


90.1- 97.0 

84.1- 92.0 

95.9- 99.1 

80.9- 84 1 
82.8-95.0 

9 9-13.5 


92.9 

87.9 

97.9 
82.3 
90 3 
10.8 


« Toul N S.45 per cent. . 

- ToUl N 4.87 per cent. containing 4.87 per cent N. ammonium sulfate, pot.« 

. Formulated with ammoniated superphosphate conta.mng 

chloride, dolomite. Hyperhumus, end sand filler. 

: "St 

ity P rodu f COnS ! era r: f the silubfe phosphor us fn assemblage, of 
fidence, the significance of the soluble p P Qualitatively from 

well-defined phosphate compounds can ^ inf ^ f d f ^ er mate rials, 
the Drinciple of common-ion effects. In the cas i j 

wherTamorphous phosphates are present (or at least cannot be ruled 
out) with crystalline phosphates, soluble phosphorus—not be J? _ 
signable entirely to definite compounds of known characteristics 
must be viewed in a very general way. The situation is still more com¬ 
plex in mixed fertilizers, which for obvious reasons cannot be con 

sidered in this discussion. n 

Although the soluble phosphorus in fertilizer materials generally 

cannot be related entirely to definite compounds, it can nearly always be 
given a firm interpretation by experimentally relating it to some other 
property of the material. Thus, the citrate solubility of calcined 
(1400° C.) phosphate rock was found to depend on the extent of fluorine 
volatilization from the products, and the limiting conditions have been 
determined (Reynolds et al, 1935). This method of handling fertilizer 
materials is further illustrated by the solubility-fineness relationship for 
calcium metaphosphate glass and for other furnace products (Figs. 2 
and 3). Another illustration is afforded by the work on ammoniated 
superphosphate (Hardesty et al., 1943; Keenen, 1930, 1932; Ross and 



324 


K. D. JACOB AND W. L. HILL 


Jacob, 1931; Ross et al., 1932; White et al., 1935), the findings of which 
are discussed in the following paragraphs. 

The changes that occur in superphosphate when it is ammoniated 
are customarily described by writing chemical equations for the sepa¬ 
rate reactions. For the present purpose, however, the pertinent facts can 


NORMAL SUPERPHOSPHATE 


I. SUPERPHOSPHATE 
I.OOOKg. 

0.4 H,P0 4 

I.OCo^POA-HjO 

3.4CoS0 4 



II. PR0DUCT,2.32% NH, 
1.024 Kg. 

1.4 NH 4 H,P0 4 
I.OCoHPQ, 
3.4C0SQ, 


_i_ 

♦ 

17. PRODUCT, 8.14% NH, 
I088Kg 

^ o.8Cosq, 



m. PRODUCT, 4.54% NH, 
1.048 Kg. 

2.4CoHP 0 4 
l.4(NH 4 ),S0 4 
2.OC0SQ, 


TRIPLE SUPERPHOSPHATE 

mod* with wtt'procMt phosphoric odd 


I. SUPERPHOSPHATE 

I.OOOKg. 


0.4 H,P0 4 
2.6Co(H,P0 4 )jH,0 
0.4 CoS0 4 



n. PRODUCT, 4.85% NH, 
>051 Kg. 

3.0NH 4 H,P0 4 
2.6COHPQ, 


0.4CoSQ» 

I 


17. PRODUCT,9-27% NH. ^ 

1.102 Kg 

26(NH 4 ) t HP0 4 
30 CoHP0 4 
04^H,),SQ, 



<*4* m. PRODUCT, 5.46%NH, 
x 1.059 Kg. 


3.0CoH^0 4 ' 
0.4(NH 4 ),S0 4 


7. PROOUCT 

NH 4 Ph0»ph0lM 
XCoO yPjO,* H-0 ♦ F f 
0.4(NH 4 ),S0 4 


Fig. 4. Critical assemblages of compounds occurring in stepwise neutralization 
of normal and triple superphosphate with ammonia. Ideal sequence is shown by solid 
arrows, possible short-circuit reactions by broken arrows; composition of super¬ 
phosphate approximates actual material, and percentages of ammonia are based on 
mixture without loss by evaporation; number preceding formula is moles of com¬ 
pound per kilogram of initial superphosphate. 


be presented more compactly and with greater clarity with the use of 
critical assemblages of the principal participating compounds as they 
would appear under ideal conditions at the completion of the respective 
stages of neutralization. The sequence of such assemblages occurring 
during the ammoniation of normal and triple superphosphates is shown 
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in Fig. 4. Among the ^ C ^^ 

s&ss* a— r r 

phate is partially extra e so ammoniated products on the 

assemblages ..a be 

basis of the compounds composing 
written down at once (Table VII ). 


TABLE VIII 

__ 4 as Predicted from the 

Soluble Phosphorus in Assemblages 

So Nature of the Compounds_ 


Assemblage 


I 

II 

III 

IV 


I 

II 

III 

IV 


Soluble POu moles per kilogram of 
initial superphosphate 

Nfh in product, —- ~~ 

per cent Water-soluble 


Citrate-soluble Available 


Normal superphosphate 


0.0 
2.32 
4.54 
8.14 


2.4 

1.4 
0.0 
0.0 


0.0 

1.0 

2.4 

Undefined* 


Triple superphosphate 


0.0 

4.85 

5.46 

9.27 


5.6 
3.0 

2.6 
2.6 


0.0 

2.6 

3.0 

3.0 


2.4 

2.4 

2.4 

Undefined® 


5.6 

5.6 

5.6 

5.6 


• The jolubility of similar, though fluorine-free. materials is shown in Fig. S. 


In the case of normal superphosphate the results (Table VTO) indi¬ 
cate that water-soluble phosphate compounds should be converted into 
water-insoluble citrate-soluble compounds, without sensible loss o 
available phosphorus, at about 4.5 per cent ammonia. Application ot 
the procedure for water- and citrate-soluble phosphorus would, how¬ 
ever, show some water-soluble phosphorus derived from the normal 
solubility of dicalcium phosphate as enhanced by the presence of am¬ 
monium salts. At still higher percentages of ammonia, the formation of 
basic phosphate can be expected to result in a lowered phosphorus 
solubility. The extent to which these deductions agree with experiment 
is illustrated by the data in Fig. 5. Here the water-soluble phosphorus 
decreased with ammoniation, though less rapidly than the prediction, 
up to above 6 per cent ammonia. At the same time the formation of 
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citrate-soluble phosphorus above 2.2 per cent ammonia, which cor¬ 
responds with assemblage II (Table VIII) showed a marked sensitivity 
to reaction temperature. That the higher temperatures favor the short- 
circuit reactions (Fig. 4) is strongly indicated. With allowance for 



AMMONIA ABSORBED, PARTS PER 100 PARTS OF INITIAL WATER-SOLUBLE P a 0, 

Fig. 5. Dependence of phosphorus solubility of ammoniated superphosphate on 
amount of ammonia absorbed—normal superphosphate. Maximal temperature during 
ammoniation is shown on curves for available P. (Unpublished results of J. 0. 
Hardesty and R. Kumagai, Bureau of Plant Industry, Soils, and Agricultural 
Engineering.) 

temperature effects, the experimental results agree with the deductions 
from the nature of the assemblages. 

According to the results for the sequence of assemblages in ammoni¬ 
ated triple superphosphate (Table VIII), the water-soluble phosphorus 
should decrease to an intermediate value while the citrate-soluble phos¬ 
phorus increases to an intermediate value at about 4.9 per cent am¬ 
monia, and thereafter both should remain steady without loss of avail- 
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A number of laboratory methods that have not gamed official status 
for evaluating phosphate fertilizers have been proposed and studied 
from time to time. They may be classed in two groups: (1) solubility 
methods, based on the use of various solvents; and (2) biological meth¬ 
ods, which involve determination of the relative effectiveness of the 
phosphates in supplying phosphorus for nutrition of certain seedling 

plants and soil organisms. 

a. Solubility Methods. As previously mentioned, Wagner (188b, 
1894, 1895) recommended the use of acid ammonium citrate solution 
for evaluating superphosphate, precipitated phosphate, and basic slag. 
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A wide variety of other reagents have been proposed for the evaluation 
of water-insoluble phosphates. The list includes carbonic, nitric, sul¬ 
furic, acetic, formic, humic, lactic, oxalic, and tartaric acids and solu¬ 
tions of potassium acid sulfate, ammonium humate, ammonium oxalate, 
ammonium tartrate, sodium citrate, and citrated ammonium nitrate. 

Maclntire, Shaw, and Hardin (1938) proposed a method involving 
the use of a citrated ammonium nitrate solution (pH 4.2). The method 
appears to have the principal advantage that the soluble (available) 
phosphorus is determined directly, rather than by difference—total 
phosphorus minus citrate-insoluble phosphorus—as in the method of 
the Association of Official Agricultural Chemists (1950). It should be 
noted in this connection that direct determination of the soluble phos¬ 
phorus is also specified in the official citrate procedures used by a num¬ 
ber of countries (Organization for European Economic Co-operation, 
1952). Recent studies by Allen et al. (1952) indicate that this may also 
be done with the A. O. A. C. method. A collaborative study authorized 
by the Association and made by Ross and Rader (1940) and Rader and 
Ross (1941) did not culminate in a recommendation for adoption of 
the Maclntire-Shaw-Hardin method. 

b. Biological Methods. It has been proposed to evaluate phosphate 
fertilizers on the basis of their ability to supply phosphorus for the 
nutrition and functioning of nitrogen-fixing bacteria in laboratory cul¬ 
tures. Thus, Truffaut and Bezssonoff (1927) reported that chemically 
processed phosphates are far more effective in this respect than are the 
parent phosphate rocks. Guittonneau (1929) found differences in the 
effects of various phosphate fertilizers on the development of Azoto- 
bacter. According to Niklas et al. (1926) the effect of different phos¬ 
phates, as shown by the magnitude of the optimal addition, can be cor¬ 
related with the chemical solubilities of the phosphates in different 
solvents. Citrate-soluble phosphorus is said to be more effective than 
citric acid-soluble phosphorus in promoting the development of Azoto- 
bacter (Strobel and Scharrer, 1926). Using the plaque method of Sackett 
and Stewart (1931), Joshi and Ayyar (1934) found that synthetic 
tricalcium phosphate, superphosphate, and solubilized bone products 
induced good to excellent growth of Azotobacter in all the soils tested, 
whereas apatite produced no growth and finely ground phosphate rock 
gave variable results. 

Mehlich (1937) and Mooers (1938) have evaluated phosphate ferti¬ 
lizers on the basis of their effectiveness in supplying phosphorus for the 
nutrition of the fungus Cunninghamella blakesleeana. The average 
relative values obtained by Mooers in tests of the effect of eight phos¬ 
phate materials on growth of the fungus in five types of Tennessee silt 
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_ • in Table IX As reported by Mehlich 

“ 93 a tpH vSu^rSls ranged from 5.2 to 6.5. 

table tx 

twerevt Phosphates as Determined by the 
Average Effectiveness °f Duw^ ^ ^ ^ p IVB Types of 
CUNNINGHAMELLA AND Q V NDY LOAM SOILS'* 

Tennessee Silt and Sand _____ 

-" Relative value 


Cunninghamella Neubauer 


Monocalcium phosphate 

100 

96 

100 

74 

Triple superphosphate 

87 

92 

Dicalcium phosphate 

HI 

97 

Fused phosphate rock 6 

70 

64 

Calcium roetaphosphate* 

52 

60 

Tricalcium phosphate 

43 

18 

Calcium metaphosphate'* 

6 

18 

Phosphate rock 



• Moo«rs (19S8). 

» Fused Uicalcium phosphate. iMooers. 19S8). 

, . hos . 

Among the laboratory ^.^'^^^Neubaoer (Neubauer and 
phate lertitort the ry«^„„ attentio „ (Behrens, 1938, 

Tm McoLg., 1939, 

^Scha'rrer and Sehr.iW. 19«, 0 fdiieren, phoWha^ 

and fused phosphate rock, in comparison with monocalcium phosph. , 
bv both the Neubauer and the Cunninghamella methods. Lower ratings 
aretdicated for calcium metaphosphate, tricalcium phosphate, and 

eSP Tho 1 Inton 0 ( S l > 932) made Neubauer tests on a number of ammoniated 
superphosphates and other phosphates. The materials had been used m 
pot tests at 11 agricultural experiment stations with 8 crops on soils 
having pH values below 6 (Ross et al, 1932). The results obtained by 
both test methods are summarized in Table X. In general, the ratings 
by the biological tests were higher, often considerably higher, than the 
availability ratings by the neutral ammonium citrate method, but most 
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TABLE X 

Quality of Phosphorus in Some Phosphate Materials as Shown by 
Solubility, Neubauer, and Pot Tests® 


Sample 

No. 

Phosphate 

Available P, 
per rent of 
total P b 

Relative nutrient 
value of P c 

Neubauer Pol 
method* tests' 

B-l 

Monocalcium phosphate 

100 

100 

100 

A-l 

Superphosphate, normal' 

98 

99 

111 

A-10 

Ammoniated superphosphate,* 2.48% NH| 

93 

106 

89 

All 

Ammoniated superphosphate,* 5.36% NH, 

96 

112 

102 

A-l 3 

Ammoniated superphosphate,* 6.83% NHj 

80 

108 

77 

A-13 

Ammoniated superphosphate,* 8.66% NHj 

67 

105 

92 

B-2 

Dicalcium phosphate 

100 

93 


B-3 

Tricalcium phosphate, hydrated 

72 

104 

94 

B-7 

Hydroxylapatite, synthetic 

28 

66 

84 

B-8 

Basic slag, imported 

79 

103 

112 

B-9 

Boneraeal, steamed 

45 

85 

99 

B-ll 

Basic slag, fluorspar 

18 

6 


B-12 

Bone ash 

10 

3 

29 

B-14 

Phosphate rock, Tennessee-brown 

7 

18 

12 

B-15 

Fluorapatite, mineral 

2 

10 

-6 


* Ross ft at. (1932), Thornton (1932). 

6 Determined with periodic shaking during neutral citrate digestion. 

* Referred to monocalcium phosphate. 

* A silt loam soil, pH 5.4, was used. 

* On soils with pH values below 6. 

t Made from Florida land-pebble phosphate. 

* Made by ammoniating superphosphate A-l with anhydrous ammonia. 


of the materials that had phosphorus availabilities of less than 50 per 
cent were given very low ratings by the biological tests. It should be 
mentioned that, in pot tests with these materials on soils having pH 
values above 6, the relative nutrient values of the ammoniated super¬ 
phosphates and the water-insoluble phosphates were generally lower 
than those on soils having pH values below 6 (Ross et al. f 1932). 

IV. Available Phosphorus as an Index of Nutrient Value 

Implied in the subject of this section is the unavoidable necessity 
for drawing comparisons between two different measures of fertilizer 
quality. Considerable discussion has been devoted to methods for de¬ 
termining phosphorus solubility and to the interpretation of its physi¬ 
cal significance in relation to a number of fertilizer materials. In order 
to develop close comparisons of this solubility with the nutrient value 
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ditions—constant, miti , solubility methods analogous 
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sons to nutrient values determined by greenhouse procedures. 

In the illustrative comparisons yield response is used as the measur 
of nutrient value. Results are given for ammoniated superphosphate, 
defluorinatec^phosphate rock (calcined and fused), calcium metaphos- 
phate glass, and phosphate rock. 

1. Ammoniated Superphosphate 

In recent work Martin « al. (1953) grew lettuce on four acid and 
two calcareous California soils fertilized with normal superphosphate 
and two ammoniated superphosphates (2.5 and 5.5 per cent N >). 
The available phosphorus was 93 to 97 per cent of the total. Their 
results for an acid roil are shown in Fig. 7, their averaged results for 

the calcareous soils in Fig. 8. 

On the acid soil the three superphosphates showed significant diner- 
ences (19:1) in only 2 of 48 comparisons. The response appears to de¬ 
pend on the available phosphorus rather than on the water-soluble 
fraction. In this connection the heavily ammoniated superphosphate 
has a special interest. Interpolation on the curve for the dependence of 
solubility on the ammonia absorbed (Fig. 5) shows that the water solu- 
bility of the available phosphorus should be 30 to 37 per cent; it was 
actually 30 per cent by analysis. 

On the calcareous soils (Fig. 8) normal and lightly ammoniated 
superphosphate gave almost identical yields at all application rates, and 
the yield response was about the same as that on acid soil. On the other 
hand, heavily ammoniated superphosphate gave much lower yields, 
and this indicates that the response is related to the water-soluble part 
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Fig. 7. Influence of degree of ammoniation of normal superphosphate on yield 
of lettuce grown on Rocklin sandy loam soil (pH 5.6) in greenhouse. Growth period 
4 to 6 weeks. (Martin et al., 1953.) 



Fig. 8. Influence of degree of ammoniation of normal superphosphate on yield 
of lettuce grown on calcareous soil in greenhouse. Growth period 4 to 6 weeks; results 
on two soils (pH 7.9 and 8.0), not being significantly different, were averaged. 
(Martin et al. t 1953.) 
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f the available phosphorus, which is in agreement with the recognized 
£53? of water-soluble phosphate on calcareous soil. 

2 Defluorinated Phosphate Rock 
™ ” s “ s °" m,i A iela,ions,,ip also 



Fig 9 Influence of degree of defluorination of Florida land-pebble phosphate on 
leutral citrate solubility of phosphorus (intermittent agitation during citrate diges¬ 
tion) and on yield response of millet grown on Norfolk loamy fine sand soil m 
5 reenhouse. Results of Brown et al. (1934) for 240 lb. of total P.O s per acre from 
100-mesh phosphate mixed with all the soil; growth period 69 days. 


exists between fluorine volatilization and the nutrient value of the 
product. Both relationships are depicted in Fig. 9. 

b. Fused Tricalcium Phosphate. This defluorinated product differs 
from calcined phosphate mainly in that it contains considerably more 
phosphate-bearing glass. Its citrate solubility depends markedly on 
fineness of the sample (Fig. 2), and the nutrient value shown by crop 
yield also varies with fineness in a closely agreeing pattern, as shown 
in Fig. 10. 
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Fig. 10. Influence of particle size of fused tricalcium phosphate on neutral citrate 
solubility of phosphorus (intermittent agitation during citrate digestion) and on 
yield response of millet grown on Evesboro sandy loam soil in greenhouse. Results 
of Armiger el at. (1945) for 75 lb. of total P,O s per acre mixed with upper third 
of soil; growth period 40 days. 

3. Calcium Metaphosphate Glass 

During the past few years calcium metaphosphate glass has been 
studied rather extensively in collaborative work on improvements in 
the official procedure for determining available phosphorus and also on 
its own merits. The product is the only all-glass phosphate material 
that is potentially an acid phosphate. It can thus be used in mixtures 
with ammonium salts without danger of ammonia losses. Since it is 
sensibly water-in soluble in the fertilizer sense and also a glass, its solu¬ 
bility in citrate solution shows dependence on particle size (Fig. 2). 
Crop response to it at low rates of application likewise depends on the 
fineness of material. Both relationships are depicted in Fig. 11. It will be 
noted that solubility determined with the use of periodic agitation fol¬ 
lows growth response very well, whereas the solubilities obtained with 
the use of continuous agitation lie well above the growth curve. This 
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Fig 11 Influence of particle site of calcium metaphosphate glass on neutral 

sr'sia« sriM sarSi’Sjar- Tsl 

(or 25 lb. of total P.0, per acre mixed with upper third of soil, gro pen 
days; L.S.D. (19:1) 3.3 g. per pot. 


condition seems to indicate an over-rating of the coarse material by the 
procedure in which continuous agitation is used m the citrate digestion. 

4. Phosphate Rock 

In fertilizer parlance, particularly in discussions of processed phos¬ 
phates, phosphate rock is loosely classified as a citrate-insoluble phos¬ 
phate. This custom grew out of the circumstance that the insoluble frac¬ 
tion of the phosphorus constitutes a measure of the efficiency of the 
process as a means for converting rock phosphorus to more soluble 
forms. Hence, citrate-insoluble phosphorus is identified with unreacted 
rock in a number of processes. Thus, classification of the slightly soluble 
phosphates as citrate-insoluble is based on technological association only. 

Although the nutrient value of phosphate rock has been studied in 
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many quarters, systematic studies that permit comparison of solubility 
with nutrient value are not plentiful. One type of experiment is illus¬ 
trated by the work of Martin et al. (1953), who compared Idaho phos¬ 
phate rock with superphosphate and ammoniated superphosphate on 
acid and calareous soils (Figs. 7 and 8). Yield response was not obtained 
on the calcareous soils. A significant response was shown on acid soils, 
though it was very low in comparison with that found for superphos¬ 
phate. It should be noted that the citrate solubility of this particular 
rock was 1.3 per cent of the total phosphorus, which is exceptionally 
low for Idaho rock. 

Comparison of phosphate rocks has more interest at the moment 
than the comparison of rock with solubilized phosphates. To this end 
results for phosphorus solubility and nutrient value of 15 phosphate 
rocks are given in Table XI. Examination of the results for citrate solu- 

TABLE XI 

Comparison of Citrate and Citric Actd Solubilities of Phosphorus in 
Phosphate Rock with Its Nutrient Value as Determined by 
Yields of Millet in the Greenhouse" 

Solubility of PrOh Rdative 
Total per cent of total P 2 0> weight of 
P t Oi, - millet 

Type and source of phosphate rocW> percent' Citrate d Citric acid' plants' 


South Carolina land-rock, Johns Island 

26.9 

17 

29 

78 

Curasao Island 

40.7 

14 

36 

60 

Christmas Island, Indian Ocean 

40.0 

13 

33 

57 

Morocco, French 

33.6 

13 

31 

56 

Nauru Island 

38.9 

10 

26 

45 

Florida waste-pond,® Dunnellon 

23.6 

9 

32 

45 

Florida land-pebble, Mulberry 

35.4 

9 

19 

42 

Florida land-pebble, Brewster 

31.3 

8 

21 

45 

Florida hard-rock, Dunnellon 

36.0 

8 

20 

45 

Idaho, Conda 

32.4 

7 

20 

43 

Tennessee brown-rock, Mount Pleasant 

34.4 

6 

18 

44 

Wyoming, Cokeville 

30.2 

6 

14 

43 

Tennessee blue-rock, Gordonsburg 

31.0 

5 

22 

42 

Tennessee brown-rock, Wales 

34.4 

5 

17 

42 

Montana, Garrison 

36.4 

6 

15 

43 


a Brown and Jacob (1945). 

4 All samples were ground to pass the 100-mesh sieve. 

« Moisture-free basis. 

4 Neutral ammonium citrate. 

• * per cent citric acid. »» . i d n 

/ Yield with superphosphate - 100. All phosphates were used at the rate of 240 pounds of total PsO» 
acre of Norfolk loamy 6ne sand soil (pH 5.5). Relative yield without phosphate addition was 40. 
o Colloidal phosphate. 
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^ and pe,d re ,on* 

twogroups on the basis of ^£*£*tt* below. Citric acid 
bility range above 10 theotej 10 mater ials ch arac- 

solubilities show greater varzabihty- J P f ^ rQcks and , in . 
terized by the higher solubihty 8 ost) h ate and Morocco rock, both 
terestingly enough, includes Cl ^ a? P da P and pebb i e an d most other 
recognized as being superior observation points to the 

„„ J.. * - - 

domestic rock for direct use on the soil. 

v .a, Ga. ro a,« and MV C.Mr.1 - *>—' 

Several Countries 

Most countries in whkh commercial fertilizer fe “f 

-vSiSHiS's #!;— 1 

specifications based on total phosphorus and soluble phosphorus de er 
mined with the use of water, citrate solutions, and citric aad solution ^ 
either singly or in a few selected combinations, are required for one or 

another phosphate material. , f . , . ( . • 

The bases for guarantee and quality control of phosphorus in ferti¬ 
lizer materials and mixtures in 21 countries are indicated in Table XII. 
At the time of this survey (July 1952), revision of regulations were in 
progress or under consideration in certain countries. In Norway and 
Denmark the guarantee must be expressed in terms of elemental phos¬ 
phorus (P), but in the latter country the equivalent content of P 2 O s 
may be stated also. In the other countries the guarantee is expressed in 

terms of P 2 0 5 only. . . . 

Australia requires guarantees for total phosphorus in all materials 

and mixtures, as well as guarantees for phosphorus soluble in water and 
in either neutral ammonium citrate solution or 2 per cent citric acid 
(New South Wales). A guarantee of total phosphorus is not required 
for any fertilizer in Belgium, China (Taiwan), Denmark, Ireland, and 
New Zealand. In most of the other countries this guarantee is required 
for only a few products, principally basic slag, bonemeal, guano, and 
raw mineral phosphates for direct application to the soil. In Japan and 



TABLE XII 

Bases for Guarantee and Quality Control of Fertilizer Phosphorus in Several Countries' 
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Switzerland it is necessary to guarantee only the total phosphorus in 
certain kinds of mixed fertilizers. 

Among the countries listed in Table XII, New Zealand is unique in 
requiring that only the water-soluble and water-insoluble phosphorus 
be declared in all phosphate fertilizer materials and mixtures, but an 
additional declaration of citric acid-soluble phosphorus is optional. 
Although water-soluble phosphorus is the only basis for guarantee of 
superphosphates in many of the countries, solubility in neutral am¬ 
monium citrate is the criterion for this class of materials and mixed 
fertilizers in the United States, Canada, and Italy. 

Phosphorus quality is officially controlled with the aid of the neutral 
ammonium citrate method in some countries, including the United 
States, Canada, Mexico, Chile, Brazil (State of Sao Paulo), Australia 
(except New South Wales), and Italy. The alkaline ammonium citrate 
method is used for certain products in most of the European countries. 
Both procedures may be used in the Netherlands. Neither citrate 
method is official for any product in Ireland, New South Wales, New 
Zealand, Union of South Africa, and the United Kingdom. An acid 
ammonium citrate method is used in China (Taiwan) as an alternative 
procedure for precipitated calcium phosphates. 

The 2 per cent citric acid method was developed specifically for 
control of phosphorus quality in basic slag, and it is still applied to this 
material in most countries. Among the exceptions are the United States, 
Canada, and Australia (except New South Wales), where the neutral 
citrate method is used, and Denmark (alkaline citrate method). In the 
United Kingdom basic slag is commonly guaranteed as to both total and 
citric acid-soluble phosphorus, but the law requires only that the total 
phosphorus and the fineness of the slag be stated (Ministry of Agricul¬ 
ture and Fisheries, 1951, p. 50). Other products for which guarantees of 
citric acid-soluble phosphorus are required in some countries include 
bonemeal, raw mineral phosphates, guano, precipitated calcium phos¬ 
phates, materials made by heating mineral phosphates with alkali salts 
and by other one-step thermal processes, and mixed fertilizers. 
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Domestic Phosphate Deposits 


V. E. McKELVEY, J. B. 


CATHCART, Z. S. ALTSCHULER, R. W. SWANSON, 
and KATHARINE L. BUCK 


I. Introduction 

Phosphorus has been called the “bottleneck of the world’s hunger” 
(Rorty, 1946). This is true for large parts of the world, particularly 
Asia, but the United States, fortunately, has large reserves of minera 
phosphate available to replace the phosphate removed from the sod by 
crops and erosion. The chief purpose of this account of the character¬ 
istics, distribution, and reserves of domestic phosphate deposits is to 
provide a background for the consideration of problems of phosphorus 
in relation to fertilizer and crop production; in addition, the authors 
wish to show that increased domestic consumption of phosphorus ferti¬ 
lizer need not be limited by lack of phosphate reserves in the United 

States. 


II. Principal Types of Phosphate Deposits 

Phosphorus makes up about 0.12 per cent of the earth’s crust—it is 
the eleventh most abundant element. It forms complex compounds with 
a wide variety of metals—more than 150 minerals are known that con¬ 
tain 1 per cent or more P 2 0 5 . Most of the phosphorus in the earth s crust, 
however, is found in one mineral family, the apatite group, Caj 0 (PO„ 
C0 3 ) 6 (F, Cl, OH) 2 . Because of its essential content of an anionic radi¬ 
cle, the P0 4 tetrahedron, as well as of a simple anion, usually fluorine, 
and a simple cation, usually calcium, apatite serves as a host for a great 
many minor substitutions. Thus, small amounts of V0 4 , As0 4 , Si0 4 , SO.,, 
and C0 3 or C0 4 may be present in place of equivalent amounts of P0 4 . 
The fluorine position may be occupied completely or in part by F, Cl, or 
OH. In addition, minor amounts of Mg, Mn, Sr, Pb, Na, U, Ce, Y, and 
other rare earths may substitute for calcium. The variety of structural 
elements in apatite enhances the number of substitutions which occur, 
as cationic replacements involving loss or gain of valence may be com¬ 
pensated for by anionic replacements of opposite nature. These facts ac¬ 
count in great measure for the rich suite of minor metals found in many 
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apatite deposits and so important in the agricultural use of phosphate 
rock. 

In nature phosphate is concentrated by igneous, sedimentary, 
weathering, and biologic processes. The geology of the important pro¬ 
ducing types of deposits is treated here to promote greater understand¬ 
ing of the potentialities of these deposits in this country. They are six 
in number, namely apatite deposits of igneous origin, marine phos¬ 
phorites, residual phosphorites, river-pebble deposits, phosphatized rock, 
and guano (Table I). 

1. Apatite Deposits of Igneous Origin 

Apatite deposits of igneous origin are found as intrusive masses, 
hydrothermal veins or disseminated replacements, marginal differentia¬ 
tions along or near the boundaries of intrusions, and pegmatites. These 
deposits are generally associated with bodies of nepheline syenite, 
ijolite, alaskite, carbonatite, pyroxenite, ilmenite, magnetite, or nelson- 
ite. 

The largest of the apatite deposits of igneous origin are intrusive 
sheets associated with syenite, pyroxenite, or amphibolite, and in some 
p*aces with carbonatite or magnetite. These sheets are inclined and in 
some places roughly interleaved around a circular core. The apatite- 
rich layers range in thickness from tens to hundreds of feet or more and 
are traceable for hundreds of feet or even a few miles. Their P 2 0 5 con¬ 
tent is as much as 35 per cent, and reserves are measurable in billions 
of tons. The higher-grade rock is not beneficiated. Lower-grade rock 
containing 5 to 25 per cent P 2 0 5 may be beneficiated by grinding and 
sieving or magnetic separation to yield a high-grade apatite concentrate. 
No attempt is made to beneficiate the very low-grade magnetite-apatite 
rock for phosphate. On smelting, such rock yields a phosphate-rich slag. 
No important deposits of this type are known in this country, but three 
of the largest apatite deposits in the world are of igneous origin, namely 
the Khibin deposits on the Kola peninsula, U. S. S. R. (Fiveg, 1937); 
the eastern Uganda deposits (Davies, 1947); and the Palabora deposits 
in East Transvaal (Shand, 1932). The Kiruna magnetite deposits in 
Sweden and the Iron Mountain hematite deposits in Missouri (thought 
to be weathered magnetites) are apatite-rich iron ores of this type 
(Lindgren, 1933, p. 793). 

The vein, disseminated, marginal, and pegmatite deposits are either 
less extensive or of lower quality, or both, and hence are of less eco¬ 
nomic importance. Most of the reserves are measurable in thousands 
rather than millions of tons, and the P 2 0 5 content of large masses is 
generally less than 20 per cent. Examples include the hydrothermal 
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• A. Igneous spali.e intrusion, Kol. Peninsula, U.S.S.R. (composite of 110 apatite separates); Volod- 
chenkova, A. I., and Melentiev, B. N., 1938. 

B. Apatite pegmatite, Hastings Co.. Ontario; Walker. T. L.. and Parsons, A. L., 

C. Hydrothermal chlorapatite, Kanawaga Pref.. Japan; Harada. £.. 1938. 

D. Marine geosynclinal phosphorite. Phosphoria formation, Coal Canyon. Wyoming (Bed 24. sample 

#2077); unpublished analys is, U. S. Geological Survey. , 1QSS 

E. Residual phosphorite. high-gr adc brown-rock phosphate. Wales Temieuee; Jacob. K. D « o/. 1983. 

F. Phosphatized limestone (hard rock). Dunnellon. Florida, (sample #484); Jacob. K. D. etal 1933. 

G. Phosphatized limestone, beta tricalcium phosphate, Nueva Leon. Mexico; Lady. J. G. et a 

H. Phosphatized limestone. Nauru Island; Jacob, K. D. et al., 1938. 

I. Phosphatized augite-andesite, Malpelo Island; McConnell, D.. 1948. 

J. Phojphatized trachyte, Clipperton Atoll; Hutchinson, G. E., 1950. 


• Total rare earths. 

• Exclusive of CO* and H,0. 

• Insol. in 1:1 HC1 plus SiOj liberated by dehydration. 
d Also present traces of Mn, Cu, V, Sr, Ni, Ba. 

• Includes insoluble residue. 

/ Totals as corrected in original publication. 
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apatite-ilmenite (nelsonite) disseminated deposits in Virginia (C. S. 
Ross, 1941); the apatite veins in Norway (Lindgren, 1933, p. 764); the 
apatite-magnetite marginal deposits associated with alaskite in the 
eastern Adirondacks (Lindgren, 1933, p. 794); and the apatite-pegma¬ 
tite deposits in southern Ontario (Adams and Barlow, 1910). 

The apatite that predominates in all of these deposits is fluorapatite; 
chlorapatite is rare in large deposits. Strontium and the rare earths 
commonly make up 1 to 3 per cent of the mineral and substitute for 
calcium in the crystal structure (Table II). Other metals are not 
abundant. 

2. Marine Phosphorites 

Marine phosphorites are believed to be inorganically and organi¬ 
cally precipitated on shelving margins of large oceanic basins. As cold 
water rises from the depths along the continental slopes, its pH in¬ 
creases with increase in temperature and with the decrease in partial 
pressure of C0 2 , and phosphate is then precipitated (Kazakov, 1937; 
and McKelvey et al., 1953). The marine phosphorites may be divided 
into two principal facies—geosynclinal and platform, the one commonly 
the stratigraphic equivalent of the other. 

The geosynclinal deposits—of which those of western United States 
(Mansfield, 1927; McKelvey et al. 9 1953), North Africa (Cayeux, 
1941), and the Kara-Tau of the Soviet Union (Vol’fkovich, 1945) are 
the world’s outstanding examples—are associated with chert, black 
carbonaceous shale, and minor amounts of limestone. The phosphate 
deposits consist of layers of phosphatic pellets, generally less than 0.1 
to 2 mm. in diameter, that were deposited as blankets over thousands of 
square miles. Many of these layers are 3 feet or more in thickness and 
contain 25 to 35 per cent P 2 0 5 . The fluorapatite content in the minable 
layers of such formations is commonly 3000 to 25,000 kg. per square 
meter, and the fluorapatite content of the whole formation may be 
25,000 to 75,000 kg. per square meter. 

Most of the platform deposits are associated with limestone, glau¬ 
conite sandstone, quartz sandstone, and, less commonly, clay; some are 
associated with bituminous shales; and a few are associated with man¬ 
ganese- and iron-ore deposits. The glauconitic marls of Alabama and 
Mississippi (E. A. Smith, 1892; Monroe, 1941) are examples of the 
first group; the “blue-rock” deposits of Tennessee (Smith and Whit- 
latch, 1940) of the second; and the manganiferous phosphatic shales 
of Arkansas (Branner and Newsom, 1902) of the third. 

The phosphate in the platform deposits generally occurs as large 
nodules or pebbles, most of which are 2 to 10 mm. in diameter (but 
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, . , Ko 9<5 or even 50 mm. in diameter), sparsely dis- 

some of which may be 25 or sediment. Some phosphate is 

seminated in a matrix of nonph^haUc^e un- 

in the form of phosphatized sheUs <>r fish^ ^ ^ segregated from 

consolidated deposits, the P ? . many platform deposits the P 2 O s 

the matrix by washing or o a cent xhe fl UO rapatite content 

content of the pebbles is only P 5Q0 , square 

of s „ch formations generally per sgu.fe merer. The 
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1922 > 

Pettijohn, 1926; Kazakov, 1937) phosp horites is generally 

The phosphate mineral in the marine pn P Marine P hos- 

Pentium, nkkel, molybdenum. «, copper, h ‘-”£ er ; “ 3 d 
SLum (Oertel and St.ce, 19«t Rnbinmn 19«; Jacob « «!., 1933, 
Hill *1 nl 1932- Hebert, 1947; McKelvey and Nelson, 1950). 

feeies of 'dre m»lne phorphori.es are measurable in nullmns or 
billions of tons, mainly accounted for by geosyncl.nal depos.ts. With a 
few exceptions, the platform deposits are not of commercial value at 

present. 

3. Residual Phosphorites 

Carbonate-fluorapatite is less soluble than calcite, and therefore is 
residually concentrated during the weathering of marine phosphatic 
limestones. These residual phosphate deposits are most common in 
humid climates; those in Tennessee (Smith and Whitlatch, 1940) an 
Kentucky (Phalen, 1915) are good examples. These deposits resemble 
the marine phosphorites (from which they are generally derived) in 
the composition of their phosphatic particles, but they differ in distri¬ 
bution and extent. Most of these deposits are at or near the surface, and 
they occur on irregular, deeply etched bedrock surfaces. The P 2 Og con¬ 
tent ranges from 15 to 35 per cent or more and the fluorapatite content 
may be 1000 to 10,000 kg. per square meter. 

Reserves of the residual deposits are measured in thousands or at 
most millions of tons. Some residual phosphorites, those in Tennessee 
for example, are important producers because of their high quality and 
thin cover. 
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4. River-Pebble Deposits 

Some of the clastic phosphate that is left behind during the weather¬ 
ing of phosphatic limestones is moved by runoff to the streams. In 
humid regions of low relief, such as Florida (Mansfield, 1942a) and 
South Carolina (G. S. Rogers, 1915), phosphate nodules commonly 
make up the only coarse detritus on the stream bottoms. These concen¬ 
trations are known in the industry as river-pebble deposits and are 
easily recoverable. Reserves are measurable in millions of tons. Known 
deposits of this type, however, cannot be mined now in competition 
with other types because the P 2 0 5 content of the nodules is too low 
(presumably as a result of leaching in the stream), and the deposits 
are too small and patchy. 

5. Phosphatized Rock 

In regions of subtropical or tropical weathering where decaying 
vegetation lowers the pH of meteoric waters, the carbonate-fluorapatite 
in sedimentary rocks is eventually decomposed. Some of it disappears 
in runoff, but in some places it is reprecipitated after traveling only a 
short distance, particularly if the phosphatic solutions encounter alumi¬ 
nous or iron-bearing rock or limestone in a different chemical environ¬ 
ment. These deposits consist of encrustations on surfaces of joints or 
cavities, or an irregular, tabular replacement of bedrock or residual 
boulders. The mineral composition depends upon the lithology of the 
replaced rock. Phosphatized limestone generally consists of some form 
of calcium phosphate; whereas iron and aluminum phosphate minerals 
of the variscite and metavariscite series are common in phosphatized 
volcanic rocks, and wavellite and pseudowavellite in clays. The P 2 0 5 
content of these deposits depends on the degree of replacement. Some 
deposits have 35 per cent or more P 2 0 5 . Although minor metals are 
not abundant, gallium may be prominent in wavellite. These deposits 
are generally of limited extent, and with few exceptions their reserves 
are measurable in thousands or millions of tons. Examples are the 
white-rock deposits of Tennessee (Smith and Whitlatch, 1940) and 
the hard-rock deposits of Florida (Mansfield, 1942a). 

The phosphate in the phosphatized rocks of most insular deposits is 
derived from guano rather than from phosphatic limestone. The de¬ 
posits of Fais, Angaur, and Kita-daito (Rodgers, 1948) originated in 
this way. 

6. Guano 

Accumulations of the droppings of sea fowl and bats are rich in 
nitrogenous materials and phosphates. Leaching or decomposition of 
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et al. 9 1SW>, p. / i^z-jor-vViatP in these waters nourishes a lux- 

“oikd cite inhibits destruction of the guano 
p 6) Such deposits occur along the west coasts of Lower California, 

^theiSSlo^ ofSano is complex and depends to some extent 
on Te s^e of decomposition and leaching. Slightly decomposed de¬ 
posit contain soluble ammonium and alkali oxalates, sulfates, and m- 
liates and a variety of magnesium phosphates and ammonium-mag¬ 
nesium phosphates. Largely decomposed guano consists essentia y 

CalC i Visits are limited in extent and their reserves are seh 

dom measured in millions of tons-in fact, most of the nc} i de P 0Slt 
already exhausted. The P 2 0 5 content of guano ^generally less than 
20 per cent, but, because the P 2 0 5 is readily available and because other 
nutrients, particularly nitrogen, are present, guano is a valued fer- 
tilizer. Minor metals are not abundant in guano. 


7. Other Types 

Other sources of “mineral” phosphates are bone piles found at an¬ 
cient salt licks and water holes, glauconite, and phosphatic iron ores 
that yield a basic slag in the manufacture of steel (Hertzog, 1935). The 
bone piles are no longer important. Glauconite contams only 1 to 5 
per cent P 2 0 5 , but, as it also contains K 2 0, it has had some use as a 
fertilizer; reserves are measurable in millions and billions of tons. 
Phosphatic iron ores include marine deposits of the type found in the 
Clinton formation as well as apatite-rich magnetite deposits of igneous 
origin. The basic slag (Thomas meal) made from these ores contains 
8 per cent or more P 2 0 5 . Reserves of the phosphatic iron-ore source 
rocks, which contain only 0.5 to 5 per cent P 2 0 5 , are measured in 
millions of tons. 


III. Distribution and Geology of Domestic Deposits 

All the principal types of phosphate deposits are found in this coun¬ 
try, and concentrations of one type or another are found in 30 of the 
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1. Florida Land-Pebble Field 

The Florida land-pebble field has produced about 117 ^ on ^ 
during the period from 1891, when mining began through 1949(Ta 

r 7 x’o 

tion of probable Pliocene age, which extends over an area of about 2600 
square miles, chiefly in Polk and Hillsborough wes ; 

central part of the Florida peninsula (Eldridge,1893, Sellards,1915, 
Matson P 1915; Roundy, 1941; Mansfield, 1942a; Cathcart etal b 

The Bone Valley formation was deposited on the eroded surface of t 
underlying phosphatic Hawthorn formation of Miocene age by a trans¬ 
gressing sea that reworked and partly sorted the thick, residual phos- 
fhatic mantle found on the Hawthorn at the close of the Miocene Since 
fts deposition, the upper part of the Bone Valley has been deeplj 
weathered (Fig. 2). Much of the phosphate in this upper leached zone 
has been removed and some has phosphatized clay. The Bone Val¬ 
ley deposits are thus complex—partly residual, partly marine re- 

worked, and partly phosphatized clay. . . , 

All the phosphate recovered from the land-pebble field is in the 
lower, less weathered part of the Bone Valley formation, called the 
matrix. The matrix rests on a “bed clay” at the top of the Hawthorn 
formation which has a karst surface (Fig. 3). The thickness of the 
matrix ranges from 1 to 50 feet and averages about 12 feet; the thickest 
deposits are commonly in old sinkholes in the Hawthorn formation.^ 
The matrix consists of an unconsolidated mixture of phosphorite 
pellets and pebbles, boulders of partly phosphatized limestone, quartz 
sand, and montmorillonite clay. The matrix typically consists of about 
one-third phosphorite particles coarser than 0.1 mm., one-third quartz- 
sand, and one-third clay. Depending partly on the thickness and the 
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TABLE III 

Production and Resources of Phosphate Rock in the United States (Tonnages 

Are in Millions of Long Tons) 


Production 


Inferred 
reserves minable 
under present 
conditions 


Additional inferred 
resources minable 
under changed 
conditions 



Marketed 

P tOi 

Marketable 

PtO, 

PzO, 

Source and type 

product 11 

content * 

product 

content Product 

content 


Florida 
Land pebble 


In matrix 

124.7* 

41.7 

1,000* 

330* 

2.000*-® 

600** 

In leached zone 





800*/ 

180 

River pebble 

1.3* 

0.3 


# ♦ * * # 

50* 

12 

Hard rock 

14.0 < 

4.8 

1,040*> 

330 

500*» 

140 

Soft rock 

1.1 

0.2 

k 

k 

k 

k 

Hawthorn formation 





20,000* 

4,000 

Total Florida 

141.1 

47.0 

2,040 

660 

23,350 

4,932 

South Carolina 







Land rock 

9.3* 

2.5 



9* 

2.4 

River rock 

4.1 1 

1.0 



m 

m 

Total South Carolina 

13.4 

3.5 



9 

2.4 

Tennessee 







Brown rock 

31.1* 

9.0 

85* 

15 

m 

m 

Blue rock 

1.3* 

0.4 



83 

25 

White rock 

0.02 

0.007 



15 

4 

Phosphatic limestone 





5,300® 

1,100 

Total Tennessee 

33.3® 

10.0® 

85 

15 

5,398 

1,129 

Western field (Phosphoria 







formation) 

6.8 

1.9 

3,000 p 

870 

20,000i 

5,800 

Arkansas 

0.03 

0.01 



20* 

5 

Other states (Ala., Ky., 







N. C., Pa.) 

0.17 

0.05 





Grand total (rounded) 

195.00 

62.00 

5,100 

1,500 

49,000 

12,000 


» Figures rounded off from those compiled by Jacob (1953) supplemented by figures for 1949 from the 
Bureau of Mines Mineral Yearbook. 

h Approximate. , , 

* Includes some river pebble and soft rock. . . 

* Preliminary figures based upon recent U. S. Geological Survey investigations. 

* Includes about 1 billion tons in the northern part of the district containing 27 30 per cent P:0». The 

"“"/Ainli tb° northern p*rt ofUieVeid^roniprijed of: (1) l.« billion ton. in d.po.iu mow tbnn 5 f«l thick. 
20 per cent (300 million tons) which is minus 150-mesh in sire and contains 15 to 30 per cent 1:0» and a similar 
amount of AljOj; (2) 2.5 billion tons in deposits more than 1 foot thick. 20 per cent (500 million tons) winch is 

minus 150-mesh in size. . ... 

* Some river pebble is included with land |>ebble. 

a Figures rounded off from estimates compiled by Mansfield, 19420. 

* Includes some soft rock. 

/ Includes soft rock. 

» Included with hard rock. 

1 Some river rock included with land rock. 

■ Data not available. .. _ , « 

* Virginia apatite and some blue-rock included with Tennessee brown-rock. p . » v ,~. nt 

* This figure is higher than the sum of the individual items because separate data for the different types of 

Tennessee phosphate are not available for the years prior to 1905. ... >■ « p i c« .»,««• nhnnt 

a Preliminary, incomplete estimates based upon recent investigations rf the U. S^Geology^umy. about 

one fourth is acid-grade (> SI per cent PsOs) and the ■ <> gJSLSSi Survey; rock. 

* Preliminary, incomplete estimates based upon recent inves'Scions of the U. S Geological Purvey, roc*. 

are of minable thickness, contain more than 24 per cent PtOs, but lie below entry le\el. 
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relative abundance of phosphorite particles in the matrix, the content 
of recoverable phosphorite ranges from about 500 tons to 35,000 tons 
per acre and averages about 5000 tons per acre in the minable part of 
the field. 

The P 2 0 6 content of the phosphate particles ranges from about 28 to 
36 per cent. The P 2 0 5 content is higher, 32 to 36 per cent, in the north- 
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Fig. 3. The surface of the Hawthorn formation, Old Colony mine, American 
Cyanamid Co., land-pebble phosphate field, Florida. Contour interval 10 feet. (Data 
furnished by the American Cyanamid Co.) 

ern part of the field, and generally lower, 28 to 32 per cent, in the 
southern part. The northern part may be further subdivided into two 
general areas: a central area where the phosphate particle size is gen¬ 
erally coarse and the P20 5 content of the particles is 32 to 33 per cent; 
and a peripheral area where the particle size is finer and the P 2 0 5 con¬ 
tent of the particles is 33 to 36 per cent (Fig. 4). D. F. Davidson and 
F. N. Houser (unpublished U. S. Geological Survey reports) have 
shown that the coarser particles are found on highs on the Hawthorn 
formation. 
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Fig. 4. Distribution of coarse (+1.2 mm.) and fme (-1.2 to +0.1 mm.) phos- 
phatic particles in the land-pebble phosphate field, Florida. (The areas where the 
ratio of coarse to fine particles is less than one are ruled. The light solid line indi- 
cates the limits of minable phosphate deposits.) 


thickness; however, it may be as thick as 50 feet. The leached zone is 
generally thickest on topographic highs. From 70 to 80 per cent of the 
leached-zone material is medium to coarse quartz sand and the re¬ 
mainder is minus 150-mesh particles. The fines consist mainly of the 
aluminum phosphate wavellite and the calcium aluminum phosphate 
psuedowavellite; minor amounts of carbonate-fluorapatite and kaolin 
are also present. The leached-zone material is stripped and discarded. 
The minus 150-mesh fraction is easily separated from the quartz sand, 
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and contains 15 to 30 per cent P 2 0 5 and a similar amount of A1 2 0 3 . It 
is possible that the minus 150-mesh fraction may be utilized eventually 
as a source of phosphate or alumina. 

2. Florida Hard-Rock Field 

The hard-rock deposits in northwestern peninsular Florida have 
produced about 13.5 million long tons of phosphate rock from 1889, 
when mining began, to 1949. Production in recent years, however, has 
dropped to a rate of 25,000 to 50,000 tons a year. 

The hard-rock deposits are in the Alachua formation, of Pliocene 
age, which outcrops within a belt 5 to 30 miles wide extending about 
150 miles southeastward from Tallahassee to the northern part of Pasco 
County (Mansfield, 1940, 1942a). The Alachua formation rests on the 
eroded surfaces of parts of the Ocala and Suwanee limestones of Eocene 
and Oligocene age, respectively (Sellards, 1915). It is probably the non¬ 
marine equivalent, in both age and source, of the Bone Valley forma¬ 
tion and consists mostly of the collapsed and compacted residue of the 
Hawthorn formation of Miocene age (Mansfield, 1940; Cooke, 1945). 
The phosphate present originally as nodules in the Hawthorn forma¬ 
tion has been largely dissolved and redistributed as replacements of 
limestone blocks and clay. Some of the immediately underlying lime¬ 
stones of the Ocala and Suwanee have also been phosphatized. 

Most of the hard-rock deposits occur in the lower part of the 
Alachua (Fig. 2), and are associated with fragments of chert and 
silicified limestone in a matrix of fuller’s earth, quartz sand, and phos- 
phatic clay (Vernon, 1951). The phosphate is in the form of phosphatic 
clay, detrital pebbles of phosphorite, phosphatized fragments or blocks 
of limestone, and irregular masses or plates. Individual deposits are 
characteristically small and irregular in shape, but they contain 33 to 
36 per cent P 2 0 5 or more. 

The hard-rock deposits are mined by cheap open-pit methods, and 
the rock is concentrated by washing and screening. Because of the small 
size and irregular distribution of the remaining deposits, prospecting 
costs are much higher than in the land-pebble field. The coarse size and 
high phosphate content of the hard-rock make it an ideal furnace feed 
and a small continuing production may be expected for that purpose 
from the Dunellon area. 

The upper part of the Alachua formation consists of phosphatic 
clay and fine-grained quartz sand. This zone has been little studied, 
but it is possible that it is a leached-zone analogous to that in the land- 
pebble field. This zone, together with slime derived from the washing 
of the hard-rock deposits, yields what is known in the industry as soft- 
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from this fie ^ Tennessee Brown-Rock Field 

The Tennessee brown-rock field produced 33.3 million long tons 
, rtVmcnhate rock from 1896, when mining began, through 1949. Its 
production in 1949 was about 1.4 million tons. It thus ranks second to 
file Florida land-pebble field in total as well as current annual produc- 


tl ° I The brown-rock deposits are composed of residual 
tides, quartz sand, and clay derived from the chemical 


phosphorite par- 
decomposition of 



Fig. 5. Mode of occurrence of Tennessee blue- and brown-rock phosphate depos ts 
(from Smith and Whitlatch, 1940, p. 44). 


platform-type phosphatic limestones of Ordovician age (Hayes and 
Ulrich, 1903; Smith and Whitlatch, 1940; Burwell, 1950). These phos¬ 
phatic limestones, deposited in shallow, platform seas, have been gently 
uplifted, arched, and exposed by erosion in the central (Nashville) 
basin. The phosphatic formations are of wide extent—the Kentucky 
brown-rock deposits are derived from the same formations—but resid¬ 
ual concentrations of present commercial value are found mainly in 
the vicinity of Columbia and Mount Pleasant, Maury County, Tenn. 

The local distribution of the deposits conforms in a general way to 
the outcrops of the limestones from which they were derived. The 
thickest are found as fillings in corroded joints or “cutters” lying be- 
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tween limestone horses. The most extensive (blanket) deposits occur 
on flat ground underlain by the Hermitage, Bigby, and Leipers lime¬ 
stones. Less extensive deposits are found as rims on hillside outcrops 
(Fig. 5). 

Although most of the phosphate particles are physical residues from 
the limestones, in areas of deeper weathering the phosphatic particles 
in the upper parts of the deposits have been dissolved and redeposited as 
cement or as plate-like replacements of other materials in the lower 
parts. Such plate-rock is rich in P 2 0 5 and has been selectively mined in 
many places. The uncemented rock as mined contains about 15 to 30 
per cent P 2 0 5 . Most of it is concentrated by washing, screening, and, in 
some places, by flotation, to a product containing 30 to 36 per cent 
P 2 0 5 , but some of the rock is used without beneficiation as electric 
furnace feed. All of the brown-rock is mined by open-cut methods. 

4. The Western Field 

The western phosphate field is one of the largest in the world, both 
in size and in reserves (Mansfield, 1927; McKelvey, 1949). Mining 
operations date back to 1906 but only about 6 million long tons were 
produced through 1949. The growing importance of the field, however, 
is indicated by the fact that 55 per cent of the total production came 
during the 1946-1949 period. 

The western deposits are marine. Some are found in the Brazer 
limestone of Carboniferous age but the most extensive, and the only 
ones we shall consider here, occur in the Phosphoria formation of 
Permian age and its partial stratigraphic equivalent in Utah, the Park 
City formation. These formations crop out over an area of about 135,000 
square miles in Montana, Idaho, Wyoming, Utah, and Nevada (Fig. 6). 
The deposits in the eastern part of the field are of the platform type, 
and those in the western part are of the geosynclinal type (McKelvey 
et al.y 1953). 

The rocks of Permian age and the overlying and underlying sedi¬ 
ments have been compressed, folded, uplifted, and exposed by erosion 
since their widespread deposition on the sea floor. Although deformation 
affected the whole area, it was more intense in the western part. The 
field may thus be divided into an eastern part of simple structure and a 
western part of complex structure (Fig. 6). In the eastern part, the 
folds are of the dome and basin type. The beds generally dip less than 
30 degrees, and closely spaced faults of large displacement are uncom¬ 
mon. The folds are randomly oriented and the outcrop belts of the phos¬ 
phatic rocks are widely separated. In the western area, on the other 
hand, the folds are tightly compressed and the beds generally dip at 
high angles, commonly more than 45°. The folds have a parallel orien- 
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Fig. 6. Distribution of outcrops of Permian phosphatic rocks in the western 
field. (Dotted line marks the approximate boundary between areas of simple and 
complex structure.) 
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Fic. 8. Thickness in feet of beds in the Phosphoria and Park City formations 
containing more than 31 per cent PaO». 

tation. Many are mashed and are broken by faults of both large and 
small displacement. Because of the close, intense folding and repetition 
by faulting, outcrop belts of the phosphatic rocks are close together. 

Many layers of these formations of Permian age are phosphatic, 
but the most important ones are found in the lower, phosphatic shale 
member of the Phosphoria formation (Fig. 7). These layers range 
widely in thickness and P 2 O s content over the field, but the variation 
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Fig. 9. Thickness in feet of beds in the Phosphoria and Park City formations 
containing more than 25 per cent PjO*. 

for the most part is systematic. As shown in Figs. 8 and 9, the thickness 
and quality of the phosphatic rocks increase westward to a maximum 
in southeastern Idaho. Information is sparse for areas further west in 
Idaho, but the thickness and quality appear to decrease. 

Rocks of two qualities are mined in the western field. The principal 
production in the past has been of acid-grade rock, which contains 31 
per cent or more P 2 0 5 in layers about 3 feet in thickness. Rocks of this 
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quality and thickness are found in northern Utah, westernmost 
Wyoming, southeastern Idaho, and southwestern Montana (Fig. 8); 
although acid-grade rock is mined at only five localities, many others 
contain minable deposits. The second type of rock, furnace-grade, has 
been produced in important quantities only since 1949, when the’first 
of the eight electric furnaces now in operation (or construction) in the 
field was built at Pocatello, Idaho, by the West Vaco Co. Furnace-grade 
rock contains about 24 per cent or more P 2 O s and occurs in beds 8 feet 
or more thick. Such deposits are found in essentially the same areas 
where acid-grade rocks are found, but present production is restricted 
to two localities in southeastern Idaho and one in western Montana. For 
the most part, rocks of both qualities must meet the specified P 2 O s con¬ 
tent as mined. Their high degree of cementation and hardness does not 
recommend them for low-cost beneficiation. 

Most rich and thick deposits can be mined only by underground 
methods because of the structural complexities already described. There 
are a few high-grade deposits amenable to strip-mining in southeastern 
Idaho and western Wyoming, but most of these are found in the eastern 
part of the field (Fig. 6), where the thickness and quality are too low 
to make this mining profitable now. Some of these deposits, such as 
those near Vernal, Utah, may, however, be important producers in the 
future. 

5. Other Deposits 

None of the other phosphate deposits in this country is apt to be an 
important producer in the foreseeable future, but a few remarks on 
distribution may serve as background for appreciation of our phosphate 
resource potential. A more complete summary of information on these 
deposits may be found in papers bv Jacob et al. (1933), Mansfield 
(1940), and Jacob (1953) p. 117. 

a. Atlantic and Gulf Coastal Plain. Phosphate deposits are found in 
rocks of Cretaceous or Tertiary age on the Atlantic and Gulf Coastal 
Plain in nearly every state from Massachusetts to Texas. The most 
widespread are those of the marine platform type associated with 
glauconite sand, quartz sand, and limestone. The most important de¬ 
posit to be mined in the far distant future is the Hawthorn formation 
of Miocene age, which contains phosphorite particles over nearly its 
whole extent in Florida, Georgia, and South Carolina. The most pro¬ 
ductive deposits on the Coastal Plain, aside from current producers 
already described, are the river-pebble and land-rock phosphate de¬ 
posits in South Carolina (Rogers, G. S., 1915) and the river-pebble de- 
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posits in Florida (Mansfield, 1942a). The South Carolina land-rock 
£po S i, s , ,vhich consist oi ph.sph.tod rock in th. H^.hom form^ 
tion produced 9.3 million tons between 1867 and 1925. The South 
Carolina and Florida river-pebble deposits, both derived directly or in¬ 
directly through erosion of the Hawthorn formation, produced 4.1 and 

1.3 million tons prior to 1910 and 1914, respectively. , 

Other deposits on the Coastal Plain are found in Massachusetts 
(Shaler, 1888); New Jersey (Mansfield 1922); North Carolina 
(Brown, 1905); Georgia (McCallie, 1896); Alabama (Smith, 18, 
Monroe, 1941); Mississippi (Stephenson and Monroe, 1940, Day. 
1886); Arkansas (Branner and Newsom, 1902); and Texas (Stephen¬ 
son 1929; Gardner, 1933). Only the deposits in South Carolina, 
Georgia, and Alabama have been mined and them production has been 

"^Continental Interior and Eastern Mountain Regions. Igneous 
apatite deposits associated with ilmenite in Virginia (Stose, 1914; Wat¬ 
son and Taber, 1913) yielded small production until 1947 when min¬ 
ing ceased (Johnson and Tucker, 1950). Wilbur (1883) reports that 
small amounts of apatite associated with magnetite were recovered in 
New York and New Jersey. Similar deposits are found in Massachusetts 

(Wilbur, 1883) and Missouri (Blake, 1893). 

The most widespread deposits in the continental interior are the 
marine platform-type, associated with limestones of Paleozoic age, 
glauconite sands, or black shales. Examples include deposits in the 
Oriskany formation of Devonian age in New York (Hopkins, 1914), 
Pennsylvania (Ihlseng. 1896), and Virginia (Stose, 1914); the Hardin 
sandstone member of the Mississippi Chattanooga shale in Tennessee 
(Smith and Whitlatch, 1940) and Georgia (Hayes, 1895); the 
Maquoketa shale of Ordovician age in Illinois (Weller, 1907), Iowa 
(Bain, 1906), and Wisconsin (Grant and Burchard, 1907); several 
formations of Ordovician horizons in eastern Minnesota (Pettijohn, 
1926) and Arkansas (Branner and Newsom, 1902; Waggaman, 1912); 
black shales in the Pennsylvanian of Kansas (Runnels, 1949) and 
Oklahoma (Oakes, 1938); and limestones in the Permian in El Paso and 
Hudspeth Counties, Texas (A. L. Slaughter, personal communication). 
Only the deposits in Tennessee and Arkansas have been mined. The 
Tennessee deposits, known as the blue-rock phosphates, produced 1.3 
million tons; the Arkansas deposits produced about 32,000 tons. 

Secondary deposits, concentrated during the weathering of the plat- 
form-type rocks, occur in north-central Kentucky (Phalen, 1915); Ten¬ 
nessee (Smith and Whitlatch. 1940'); northern (Ross. B. B.. 19001 and 
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north-central (Phalen, 1912) Alabama; and Pennsylvania (Stose, 
1907). The Kentucky and northern Alabama deposits are similar to the 
brown-rock phosphates of Tennessee and are derived from the same 
limestones, which are Ordovician in age. The Tennessee white-rock de¬ 
posits are phosphatized limestones formed from the leaching of the 
overlying blue-rock deposits. The north-central Alabama and the 
Pennsylvania deposits are composed mainly of the aluminum phosphate 
wavellite formed through weathering of the phosphatic rocks of 
Ordovician and Devonian age in those areas. The Kentucky brown- 
rock, the Tennessee white-rock, and Pennsylvania wavellite deposits 
have produced a few thousand tons each. 

Numerous deposits of bat guano in caves in central Texas and New 
Mexico have been reported (Phillips, 1901; Schoch, 1918). Small quan¬ 
tities of the material have been mined from some of them. 

c. Western States . In addition to the previously described extensive 
phosphate deposits in the Phosphoria formation, marine phosphates are 
found in the Swan Peak quartzite of the Ordovician (Mansfield, 1927) 
and the Brazer limestone of the Mississippian in northern Utah (Black- 
welder, 1910) and southeastern Idaho (Mansfield, 1927); the Deseret 
limestone of the Mississippian in Utah (Gilluly, 1932); scattered 
localities in eastern Nevada (possibly equivalents of the Phosphoria 
formation); and at numerous localities in the rocks of Tertiary age in 
California (Rogers, A. F., 1944; Emery and Dietz, 1950; Reed, 1933; 
Hoots, 1931; Woodring et al ., 1946). None of these deposits has ever 
been mined. 

Igneous apatite deposits are found in Colorado (Jacob et al ., 1933); 
Utah (Blake, 1893); and Nevada (Stone, 1920). None of these deposits 
has been mined either. 

IV. Reserves 

Reserves of domestic deposits are listed in Table III. Most of these 
estimates were published earlier by Mansfield (1942b) and Jacob 
(1953). The estimates for the Florida land-pebble field and the western 
field, however, are revised, preliminary estimates, based on recent, un¬ 
published results of the U. S. Geological Survey investigations. Because 
the synthesis of our Florida data is well advanced, the estimates 
presented here are nearly final. As the compilation of new data on 
western deposits is not complete, the estimates presented are by no 
means final; but they do indicate order of magnitude. 

An effort has been made in this compilation to separate minable 
reserves from resources too low in quality or too deep to be mined 
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He at greater depths below the surface. A much larger volume of 
material of lower quality is not reported. Others, such as the Hawthorn 
deposits and Tennessee limestone, are of much lower quality than those 
whkh are mined in this country. It is safe to assume, however, that 
many of these deposits as well as tremendous reserves in other leaner 
deposits not reported will be mined later when the currently minab e 
deposits are exhausted. The separation between mutable and unmmable 
deposits shown here is thus not of long-term sigmf.cance but empha 
sizes the fact that some of our deposits cost more to mine than others. 

The estimates presented show that our reserves of minable phos¬ 
phates (measured, indicated, and inferred categories) total about 5 
billion tons of rock containing about 1.5 billion tons of 2 5 . novvn 
deposits available for mining when these are exhausted to a nearly 50 
billion tons of rock containing 12 billion tons of P 2 0 5 . At the presen 
rate of consumption these resources will supply our needs for about 
4500 years It is common knowledge that present consumption of phos¬ 
phate is not adequate to replace the phosphate annually removed from 
the soil by crops and erosion. These estimated reserves indicate that our 

resources will support a much increased production. 

This picture of large reserves is made even brighter by the probabil¬ 
ity that, despite the long history of prospecting in this country, new 
discoveries of phosphate deposits will be made. Particularly promising 
are possibilities for discovering high-grade igneous apatite deposits in 
areas such as Magnet Cove, Arkansas; southwest-central Montana; 
central Colorado; southern California; and other alkalic igneous rock 
provinces. It seems likely, too, that geosynclinal phosphorites may be 
found, particularly at depth on the Gulf Coastal Plain. 
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Chapter XII 

Technical and Economic Factors Influencing Phosphate 
Fertilizer Production in the United States 

J. H. WALTHALL and E. C. HOUSTON 


I. Introduction 

The production of phosphate fertilizers is one of the oldest of the 
chemical industries. In addition to the technical and economic factor® 
that influence industry in general, many special factors affect phos¬ 
phate fertilizer production. Among these are the seasonal market; the 
variations in soils, crops, and climates which call for different kinds of 
fertilizers; and the diversified regulations with respect to marketing. 
Currently the industry is affected by several other factors such as 
shortage of sulfuric acid, the rapid increase m the use of phosphate 
fertilizers, the goals set for marked expansion of fertilizer production, 
the interest in phosphate rock as a source of uranium, and the rapid 
growth of the fixed nitrogen industry. At no time has the phosphate in¬ 
dustry been subjected to so many factors that tend to influence its scope 
and direction. The purpose of this paper is to discuss some of the tech¬ 
nical and economic factors that are currently influencing the domestic 
production of phosphate fertilizers. It is hoped that by bringing together 
the various topics, many of which have been dealt with previously by 
others, certain interrelationships will be clarified and a better over-a 
perspective will be obtained. 

II. Structure of the Industry 

The structure of the phosphate fertilizer industry is outlined in the 
following. 

/. Raw Materials 


“Rock phosphate” is a general term covering the various phosphate 
minerals that serve as a source of practically all phosphate fertilizers. 
Most phosphate minerals occur in amorphous or microcrystalline form, 
which makes difficult their accurate mineralogical identification. Al¬ 
though it was formerly thought that tricalcium phosphate, Ca 3 (P0 4 ) 2 , 
was the principal phosphate compound present in rock phosphate, 
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this has been disproved. Recent studies have shown that the calcium 
phosphates present in rock phosphate belong to the apatite group 
which includes fluorapatite, Ca 10 F 2 (PO 4 ) 6 , and hydroxyapatite, 
Ca 10 (OH) 2 (P0 4 ) 6 . 

In the United States rock phosphate is produced by some 35 com¬ 
panies and marketed according to P 2 0 5 concentration and limits of im¬ 
purities. Of the three producing regions, Florida accounts for about 75 
per cent of the total, with Tennessee and the Idaho-Montana region 
sharing about equally in the production of the remainder. The rock 
phosphate in most deposits ranges from high to low grade, and from 
rock amenable to considerable beneficiation by known commercial 
methods to rock amenable to very little beneficiation. Often these 
different kinds of rock are found closely associated, in which cases 
economical operation requires the mining of both low-grade and high- 
grade rock. High-grade rock is preferred in the principal phosphate 
fertilizer processes. Recent improvements in phosphate ore dressing 
have resulted in raising the grade of commercial rock phosphate and 
compensate for the depletion of natural high-grade rock. Even the high- 
est-grade concentrates are still far from being mineralogically pure 
materials, and it is doubtful whether pure minerals can ever be pro¬ 
duced commercially from the materials that characterize domestic rock 
phosphates. In notable contrast are the crystalline apatites found in 
Europe. Modern phosphate ore dressing seldom results in the recovery 
of more than 70 per cent of the P 2 0 5 , which leaves considerable room 
for improvement. 

Next in importance to rock phosphate as a raw material in phos¬ 
phate fertilizer manufacture is sulfuric acid; about 35 per cent of the 
total domestic production goes into the manufacture of phosphate 
fertilizers. Sulfuric acid production is widely distributed geographically. 
A major portion is made in plants owned and operated by the fertilizer 
producers at or near the places where it is used. In these cases elemental 
sulfur from the Gulf Coast is the usual raw material. In 1950 the phos¬ 
phate fertilizer industry produced about 70 per cent of the sulfuric 
acid that it used, and the remainder was purchased from nonfertilizer 
manufacturers. This subject is discussed further under Section III. 

2. Ordinary Superphosphate 

The principal process for making phosphate fertilizer was invented 
more than 100 years ago. It consists of mixing rock phosphate with sul¬ 
furic acid, followed by aging the mixture, whereby a dry, porous prod¬ 
uct known as “ordinary superphosphate” or “normal superphosphate” 
is obtained (Siems, 1951, p. 402). Ordinary superphosphate consists 
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alchemical process remains in such a dominant position for so long. The 
main reasons why superphosphate has held its position are the sim 
plicity of the process, the widespread distribution of sulfuric acid, the 
excellent properties of the product, and established precedent. 

In 1951 there were, according to Adams and co-workers ( ), 

about 200 plants making ordinary superphosphate, and these were is- 
tributed among 32 states. The wide decentralization of ordl ” ar y SU P^ 
phosphate manufacture is promoted, among other things, by the fact 
that it costs less to ship rock phosphate and sulfur than it does to ship 
superphosphate; not only does the rock carry a higher concentration of 
p P 0 ^t also travels at a lower freight rate. Over half of the 200 plants 
were totally or partially owned subsidiaries of companies engaged in 
rock phosphate production, having the advantage of integrated opera¬ 
tions; and about 95 per cent of all plants utilized Florida rock phos¬ 
phate. About 30 per cent of the plants were independent units. Ihe 
capacity of individual plants ranged from about 20,000 to 500,000 tons 
of superphosphate per year, with capital investment averaging around 
$9 per annual ton (Abrahamsen, 1951). About half of the plants were 

served by coexisting plants for making sulfuric acid. 

A major portion of the output of ordinary superphosphate is used in 
preparing mixed fertilizers, usually in subsidiary mixing plants, and 
some of it is marketed as straight phosphate fertilizer. Superphosphate 
serves an important function as a carrier for nitrogen in mixed ferti¬ 
lizers; this is discussed under Section V. 


3. Triple Superphosphate 

Instead of sulfuric acid, phosphoric acid can be mixed with rock 
phosphate. The product is essentially the same as ordinary superphos¬ 
phate except for the virtual absence of calcium sulfate, which increases 
the P 2 0 5 concentration to from 42 to 48 per cent, with an average of 46 
per cent. Such material is known as “double superphosphate,” “concen¬ 
trated superphosphate,” or “triple superphosphate” (Siems, 1951, p. 
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419). The first commercial production occurred in 1872 in Germany 
and around 1900 in the United States. Most of the phosphoric acid 
used for making triple superphosphate is made by the wet process 
(Siems, 1951, p. 412), in which rock phosphate is mixed with sufficient 
sulfuric acid to convert it into phosphoric acid and calcium sulfate. The 
calcium sulfate and insoluble impurities from the rock are filtered from 
the impure acid. Phosphoric acid is also made commercially by the elec¬ 
tric furnace process discussed under Section IV. In 1950 about 20 per 
cent of the total production of triple superphosphate was made from 


TABLE I 

Comparative Costs of Ordinary and Triple Superphosphate Estimated for 
200-Mile Radius of Cairo, Illinois 



Dollars 

per ton of PiO b 

Per cent 
of total 

Ordinary superphosphate 




Phosphate rock, 3.06 tons at $5.35 f.o.b. 

16.37 



Sulfur, 0.66 ton at $21.00 f.o.b. 

13.86 



Total, raw materials, f.o.b. 


30.23 

21.6 

Freight on rock, Bartow, Fla., to Cairo, Ill., 3.06 tons at 




$7.30 

22.34 



Freight on sulfur, Port Sulphur, Louisiana, to Cairo, 0.66 ton 




at $6.30 

4.16 



Freight on superphosphate, Cairo to point 200 miles distant, 




5 tons at $5.00 

25.00 



Total, freight costs 


51.50 

36.7 

Manufacturing cost and profit, 5 tons at $8.20° 

41.00 



Bagging cost, 5 tons at $3.50 

17.50 



Total, processing 


58.50 

41.7 

Total cost to retailer 


140.23 

100.0 

Triple superphosphate 




Phosphate rock, 3.22 tons at $5.35 f.o.b. 

17.22 



Sulfur, 0.69 ton at $21.00 f.o.b. 

14.49 



Total, raw materials 


31.71 

27.0 

Freight on sulfur, Port Sulphur to Bartow, Fla., 0.69 ton at 




$5.00 

3.45 



Freight on triple superphosphate, Bartow to Cairo, 2.2 tons 




at 811.26 

24.77 



Total, freight costs 


28.22 

24.1 

Manufacturing cost and profit, 2.2 tons at $22.50 6 

49.50 



Bagging cost, 2.2 tons at $3.50 

7.70 



Total, processing 


57.20 

48.9 

Total cost to retailer 


117.13 

100.0 


- Difference between raw material* co*t and market price of ordinary superphosphate at Cairo. 
* pifferrnre between raw material* cost and market price of triple superphosphate at Bartow. 
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. nHr furnace acid At present the triple superphosphate output ac- 
2SSteSSod 15 percent (P 2 0 6 basis) of the total product.on of 

phosphate f^tdizerSp ate was d m n plants (Adams 

„ j 1952) dfstributed among seven states. These plants all had rnte- 
grated production of phosphonc f^ce ’add. 

About 80 Ct p n er 27A production of triple superphosphate came 

^ U Somthat the total production of a phosphonc acid plant is 
used for triple superphosphate manufacture, and, of the thirteen plan s 
making wet-process acid, only seven make triple superphosphate. 

iTLany areas the delivered cost of triple superphosphate, per unit 
of P 2 0 5 , is less than the delivered cost of ordinary superphosphate 
although the latter is less expensive to manufacture. The , * 
such areas is broadened with increase in freight rates, which h 
recently advanced more rapidly than has the manufacturing cost differ¬ 
ential between triple and ordinary superphosphate An illustration of 
the relative costs of triple and ordinary superphosphate delivered in a 
relecSd midwestern area is shown in Table I. The same relationship 
could be shown for many other places. Not only does triple superphos¬ 
phate frequently show an economic advantage over ordinary su P^h° s - 
phate, but also it is almost a necessity in the formulation of high-anab 
ysis mixed fertilizers. As a result there is a decided upward trend in the 
market for triple superphosphate. 


4. Ammonium Phosphate and Basic Slag 

Domestic manufacture of ammonium phosphate fertilizer is carried 
out by the Mathieson Chemical Corporation near Houston, Texas, 
which plant has been in operation since 1946. Ammonium phosphate 
also is made at Trail, British Columbia, and exported to the United 
States. The process used at Trail, as described by Atwell (1949), con¬ 
sists of ammoniating wet-process phosphoric acid, or a mixture of phos¬ 
phoric and sulfuric acids, followed by evaporation, granulation, and 
drying. The most common grade is 16-20-0, which contains both am¬ 
monium phosphate and ammonium sulfate. Other grades include 
11-48-0 and 13-39-0. The economics are closely related to the eco¬ 
nomics of wet-process phosphoric acid and triple superphosphate. In 
ammonium phosphate production the troublesome and expensive con¬ 
centration of the wet-process acid required for triple superphosphate is 
avoided; evaporation is transferred to the much less troublesome am¬ 
monium phosphate solution. Also, production of the wet-process acid is 
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a less exacting operation, since an excess of sulfuric acid can be con¬ 
veniently tolerated, and is sometimes purposely added, in ammonium 
phosphate manufacture. Ammonium phosphate does not require an 
aging step, whereas triple superphosphate does. A potential drawback 
of the process is that less P 2 0 5 is produced, per ton of sulfuric acid, them 
in superphosphate manufacture. 

In the production of steel by the basic open-hearth process, the use 
of an iron ore high in P 2 0 5 results in the production of a slag containing 
about 10 per cent P 2 0 3 . Such slag, ground to 80 per cent through 100 
mesh, is marketed under the name “basic slag” and has long been a 
popular fertilizer in this country and in Europe. Although the basic 
open-hearth process is widely used throughout the steel industry, pro¬ 
duction of basic slag fertilizer is limited to one southern mill. The P 2 0 3 
content of basic slag can be enriched by adding ferrophosphorus to the 
steel furnace, a practice followed in Europe but not in this country. 
Increased production of byproduct ferrophosphorus and rising demand 
for phosphate fertilizers may cause that practice to be adopted here. 

5. Semicommercial Processes 

Calcium metaphosphate fertilizer has been made on a semicom¬ 
mercial scale by the Tennessee Valley Authority since 1938. The 
process has been described by Yates and co-workers (1951). Since ap¬ 
proximately 70 per cent of the P 2 0 5 content of calcium metaphosphate is 
derived from elemental phosphorus, its economics are closely tied to 
the cost of phosphorus production, discussed under Section IV. 

The fusion and partial defluorination of rock phosphate in a fuel- 
fired shaft furnace, followed by quenching the melt and grinding, result 
in the production of a phosphate fertilizer known as “fused tricalcium 
phosphate” (Hignett and Hubbuch, 1946). That material has been pro¬ 
duced in a demonstration plant by the Tennessee Valley Authority 
since 1945. It contains 27 to 30 per cent P 2 0 5 , of which about 70 per 
cent is soluble in neutral ammonium citrate. The total P 2 0 5 concentra¬ 
tion is about 50 per cent greater than that of ordinary superphosphate 
and the material is not water-soluble, both factors being conducive to 
economy in distribution. The process is independent of sulfur and low- 
cost electric power and the requirements relative to the grade of rock 
are much less exacting than in most phosphate processes. Various kinds 
of fuel can be used including oil, natural gas, and powdered coal; this 
makes the process adaptable to the most economical fuel in any locality. 
Despite these strong advantages, the process is handicapped by the rela¬ 
tively low citrate solubility of the product as measured by the official 
test and the fact that its recommended field of use is somewhat re- 
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»U be pried on ,h. b.,i, of its ioi.l PA “““V 
compwe f.vor.bly wi,h ,h,« of ruperphorph.te bn pneed 
Of its citrate-soluble P 2 0 5 it is uneconomical. That is an»» fortunat 
situation because fused tricalcium phosphate is a je g ^effeeUve an 
notentiallv economical fertilizer in its recommended field. Changes in 
[he fertilizer control laws of most states would be necessary, however, 

to bjTwhich phosphate fertilizer is produced by melting to¬ 

gether^ mixture of rock phosphate and olivine or serpentine in an 
electric furnace was developed through the pilot-plant stage by the 
Tennessee Valley Authority (Walthall and Bridger, 1943) and later put 
into semicommercial production by two western companies, although 
production has been subsequently discontinued by both. Moulton 
(1949) gives a description of the process as earned out by one of those 
companies. The product, known as “Thermophos” or 
sium-phosphate,” contains around 22 per cent P 2 0 5 , of which abo 
to 95 per cent is citrate-soluble, depending on fineness of grinding. Like 
fused tricalcium phosphate it is not a general-purpose fertilizer. The 
western location was chosen because of the proximity of olivine or 
serpentine and rock phosphate plus the availability of electric power 
and convertible war surplus equipment. However, the western location 
proved to be inauspicious because the product turned out to be ineffec¬ 
tive on the alkaline soils that occur in much of the West. (See Chapter 
VI ) The process is currently in operation in Japan, where the product 
has proved highly effective on acidic soils that are deficient in phos- 
phorus and magnesium. 


III. The Sulfur Problem 

As operated today the phosphate fertilizer industry is as dependent 
on sulfuric acid as on rock phosphate. Over 90 per cent of the phosphate 
fertilizer production is based on processes that use sulfuric acid, either 
directly, as in superphosphate, or indirectly, as in triple superphosphate 
or ammonium phosphate. Sulfuric acid is produced from several differ¬ 
ent raw materials, of which elemental sulfur is by far the most impor¬ 
tant. Prior to about 1910 elemental sulfur was relatively unimportant 
in comparison with “pyrites,” a group term used to designate several 
iron sulfide minerals. By 1910, however, the domestic production of 
elemental sulfur by the Frasch process (Shearon and Pollard. 1950) 



384 


J. II. WALTHALL AND E. C. HOUSTON 


from deposits along the Gulf Coast had developed to the point where 
sulfur became the most economical raw material for sulfuric acid manu¬ 
facture in most localities of the United States and abroad. Industry 
gradually turned from pyrites to sulfur, and by 1940 sulfur had dis¬ 
placed pyrites as the dominant raw material. There are three funda¬ 
mental advantages of sulfur in comparison with pyrites: (1) a sulfuric 
acid plant that uses sulfur costs less to build, (2) a smaller scale of 
operation is economical, which fits into the pattern of decentralization 
of the phosphate industry, and (3) the concentration of sulfur is prac¬ 
tically 100 per cent in commercial elemental sulfur as compared with 
25 to 45 per cent in pyrites and 32 per cent maximum in sulfuric acid. 
Commercial elemental sulfur affords a much larger economical radius 
for shipment, and this is one of the principal factors that facilitated 
decentralization of the phosphate industry. 

In 1947 the first serious indications of a sulfur shortage became evi¬ 
dent to the users of sulfuric acid. By 1950 sulfur producers found it 
desirable to start allocations, and during 1950 and 1951 the situation 
received widespread publicity. Two basic factors are responsible for the 
shortage: (1) sulfur production capacity appears to have about reached 
its peak, further increases being hampered by depletion of reserves, and 
(2) demand for sulfur has increased continuously and has outstripped 
the capacity of the sulfur producers. At a time when the phosphate in¬ 
dustry needs more sulfur in order to expand production of fertilizers, it 
is faced with difficulties in obtaining even enough sulfur to keep ferti¬ 
lizer production at present levels. 

Exports have accounted for an appreciable proportion of domestic 
sulfur production. In 1940 exports amounted to 27 per cent of total pro¬ 
duction, and they amounted to 28 per cent in 1950. From 1940 to 1950 
sulfur production increased by about 90 per cent and export tonnage 
increased in like ratio. 

Since pyrites was formerly the principal raw material for sulfuric 
acid and a considerable proportion is still being made from pyntes, the 
possibilities of reconversion merit attention. Estimated reserves are quite 
large, but it is seldom that the use of pyrites is an attractive alternative. 
^ pyrites acid plant costs more to build, as mentioned earlier, and the 
deposits of pyrites are generally remote from the fertilizer markets. 
Because sulfur is still being produced in sufficient quantities to supply 
a major portion of the industry, plants that use pyrites will have to 
compete with plants that use sulfur. There is always the possibility that 
discovery of new deposits of sulfur may abate the shortage. Such an 
eventuality is a threat to any investment in a pyrites acid plant, even 
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■hough such a plant could be converted readily to the use of sulfur 

» U... economies of l.rge-sce.e operation can 

“X'eo'o'^'Sce 1 '”^™' 0 acid “ obl "' ned *' * I’ yPr ° d “ Ct “ !eV '” J 

induTtrios and has been used for some time ,n m,,k,n B o rd„.ary n.pcn 
nhosohate The usual procedure is to use a mixture of spent acid an 
virgin acid. The sulfur shortage has increased the emphasis onsuch 
nractice although the shortage has also increased the emphasis on re- 
Sy ie prunly producers. In 1950 less than 10 per cent of the acid 

consumed in the phosphate industry was spent acid. 


IV. Electric Furnace Process 

The production of elemental phosphorus by the reduction of charges 
of rock phosphate, coke, and silica in an electric furnace has been earned 
out commercially for over 40 years. The process has been described y 
Burt and Barber (1952) and a review of the industry has been made by 
Aall (1952) Domestic production of elemental phosphorus has mor 
than doubled in the period 1946 to 1951, with seven producers in the 
field Except for that produced by the Tennessee Valley Authority, very 
little elemental phosphorus goes into the manufacture of fertilizers be¬ 
cause until fairly recently, fertilizers could be made more cheaply by 
other’processes. The sulfur shortage and other factors are, however, 
bringing electric furnace phosphorus into a competitive position in the 

fertilizer field. . 

Elemental phosphorus serves as an intermediate m the preparation 

of a wide variety of products, and subsequent processing depends on the 
kind of product to be made. Generally, the first step consists of convert¬ 
ing the elemental phosphorus to phosphoric acid. Since elemental phos¬ 
phorus represents the ultimate with regard to concentration, it is fre¬ 
quently shipped for considerable distances in tank cars and converted 
to acid at locations closer to the market for the final products. Phosphoric 
acid is produced by burning elemental phosphorus to form P 2 O 5 , which 
then is cooled and contacted with sprays of water to form phosphoric 


acid, H 3 P0 4 . 

Phosphoric acid from elemental phosphorus is considerably purer 
than that produced by the wet process, and therefore can be used 
wherever wet-process acid is suitable, as in triple superphosphate or 
amm onium phosphate production. The superior purity of electric fur¬ 
nace acid increases the grade of triple superphosphate, but otherwise 
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confers no significant technical advantage over wet-process acid in 
fertilizer manufacture. The high purity of the acid is frequently a 
decisive asset in other manufactures. 

From the standpoint of raw materials the electric furnace process 
has two distinct advantages over the wet process. One advantage is an 
independence of sulfuric acid, and another is a much less exacting 
requirement as to the grade of rock phosphate. Although domestic rock 
phosphate reserves are enormous, a large proportion of these reserves 
exist as low-grade ores which cannot be economically beneficiated to a 
quality suitable for use in making ordinary superphosphate or triple 
superphosphate by the wet process, but which can be produced in grades 
suitable for the electric furnace process. 

The major expense in the electric furnace process, other than the 
cost of rock phosphate, is the cost of electric power. In comparison, the 
major expenses in wet-process phosphates, other than the cost of rock 
phosphate, is the cost of sulfuric acid. 

In making triple superphosphate from electric furnace acid each 
ton of P 2 0 5 in the product requires about 4200 kw.-hr. of power. In 
comparison, about 2.40 short tons of 60° Be. sulfuric acid are required 
for each ton of P 2 0 5 in wet-process triple superphosphate. Differences 
in manufacturing costs between the two processes, exclusive of the cost 
of power and acid, would add about $6 to the electric furnace process 
per ton of P 2 0 5 in the product. A rough comparison of the cost of power 
with the cost of 60° Be. sulfuric acid is therefore shown in the equation: 


.r 


4200 y 
2.40 


4 - 6.00 


in which x = cost per ton of 60° Be. sulfuric acid 
and y = cost per kw'.-hr. for power 

If, for example, it is desired to find the unit cost of sulfuric acid that is 
equivalent to power that costs 5 mills per kw.-hr., that value is substi¬ 
tuted for “y” * n the equation, and 

= 4200 X 0.0 05 

2.40 T 

or $14.75 per ton of 60° Be. sulfuric acid. It should be realized that in 
the equation the $6 “constant” applies to typical conditions, and may 

vary appreciably in specific cases. 

The economics of electric furnace fertilizer are strengthened by the 
feasibility of diverting a portion of the phosphorus to the production of 
detergents or other nonfertilizer products. So long as those markets are 
unsaturated, however, there will be no financial incentive for using 
phosphorus to make fertilizers, which are lower-valued commodities. 
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V. Nitric Phosphate Processes 

The use of nitric instead of sulfuric acid for manufacturing phos^ 
phate fertilizers has been carried out commercially in Europe for over 
20 years Recently, conditions in this country have become favorable to 
such processes (Hignett, 1951). The sulfur shortage and a marked in- 


^■ .ppv. TYPE PROCJ 
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Fig. 1. Nitric phosphate processes. 


crease in production and decrease in cost of fixed nitrogen have stimu¬ 
lated domestic interest in nitric phosphate processes. Figure 1 shows 
diagrammatic flow charts for six processes that use nitric acid as the 
principal acidulant in treating rock phosphate. The slurry-type proc¬ 
esses, Fig. 1, are those in which the mixtures of rock and acid are in 
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fluid state, as contrasted with the superphosphate-type processes in 
which they are in friable state like superphosphate. Pilot-plant studies 
of processes I and II have been reported by Houston et al. (1951) and 
Striplin et al. (1952). Similar studies of process II-A have been reported 
by McKnight et al. (1952). 

The principal advantage in the use of nitric acid for phosphate ferti¬ 
lizer production is economic, owing in part to economies in the use of 


SUPERPHOSPHATE AMMONIUM NITRATE 



NITRIC PHOSPHATE 



Fig. 2. Raw material requirements: nitric phosphate, superphosphate, and am¬ 
monium nitrate. 


raw materials, as illustrated in Fig. 2, which compares process II (Fig. 

1) with superphosphate and ammonium nitrate. The manufacture of 
1 ton of available P 2 0 5 in the form of nitric phosphate is shown, Fig. 2, 
to require 31 per cent less sulfuric acid than is required to produce the 
same amount of P 2 0 5 in the form of superphosphate. Greater savings 
in sulfuric acid are obtainable by using different proportions of rock 
and acid, but the conditions shown in Fig. 2 are better for illustrative 
purposes. The nitric acid and ammonia make 1 ton of fertilizer nitrogen, 
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r whether they are used in the nitric phosphate process or 

- f-* phoU« - chargeable 
fertilizer nitrogen rather than « „„ procmes is th . 

", r rH r ^'e zzx 

that contains ril thnte of .he major plan, feds in a homogeneous, non- 

” l! ”S 1 lm™ un, nitrate has, because of its lose price, become popu- 
!ar SafSer despite it. unfavorable hygroscopic.* and explosion 
hazard Nitric phosphate processes, in effect, put ammonium mtra tern 
a form much more favorable for fertilizer use. The phosphatic const t 
. ic nrinciDallv dicalcium phosphate, a nonhygroscopic thermal y 
stable'compound that by its diluen, ac.oii makes,he ammonium nitrate 
less likely to cake and eliminates the hazard of explosion Nitnc phos- 
ph teThaye ■ relatiyely high ratio of N to PA, which is frequently 
desbable but difficult or costly to attain by means of the more conven- 

^Fieffitests have been run on experimentally produced nitric phos¬ 
phates of the compositions shown in Table II, and the results have been 
reported by Rogers (1951) (see also Chapter VII). 


TABLE IT 

Composition of Nitric Phosphates Pbooi ced by Tennessee Valley ArTf.OR.Tr 

Composition, per cent 


Nominal 

grade 

N 

total 

Total 

14—14—14 

15.3 

14.S 

17-22-0 

17.5 

22.2 

12-S2-0 

12.4 

34.6 

11-11-11 

11.1 

11.7 


PiO* 



Citrate- 

soluble 

Water- 

soluble 

KsO 

14.0 

2.0 

15.2 

21.9 

1.6 

.... 

31.2 

14.5 


11.3 

1.8 

11 7 



Net acidity. 


pounds 

Ca() 

SOi CaCOt/ton 

11.1 

495 

17.1 

350 

19.8 

505 

16.6 

9 5 350 


• Used in 6e)d tests reported by Rogers (1951). 

In evaluating a new process, the usual standard of comparison is 
the process the new one is intended to replace. In the case of nitric phos¬ 
phate processes, however, there is no single standard process for com- 



390 


J. H. WALTHALL AND E. C. HOUSTON 


parison, because those processes are. essentially, combinations of several 
separate processes including superphosphate manufacture, ammonium 
nitrate manufacture, formulation and mixing, granulation, and some¬ 
times wet-process phosphoric acid manufacture. Since manufacture of 
ordinary superphosphate is the most common phosphate process, it has 
sometimes been compared illogically with nitric phosphate processes. 

The use of nitric phosphate processes in this country would mean 
an innovation in the existing structure of the fertilizer industry. It is 
therefore appropriate to consider certain interrelationships now in effect 
between the nitrogen industry and the phosphate industry. 

In the production of fixed nitrogen the first product to be made is 
ammonia, which can be processed to make nitric acid and finally am¬ 
monium nitrate. Since ammonia requires the least processing, it is the 
least expensive of the three materials. It is also the most concentrated 
with regard to nitrogen and is relatively inexpensive to ship. Nitric acid, 
obtained by oxidation of ammonia, is the most expensive of the three 
materials as well as the least concentrated form of nitrogen and the 
most expensive to ship. Nitric acid is therefore usually converted, at 
the place where it is made, into other products more convenient to 
handle, such as ammonium nitrate or sodium nitrate. Ammonium 
nitrate is made from nitric acid and ammonia and in price is somewhere 
between the two. It is first obtained in the form of an aqueous solution 
which may be processed further to prepare the dry solid. 

In 1951 synthetic ammonia was produced in 21 plants that were 
distributed among 12 states. The total production of synthetic ammonia 
for the 12-month period ended June 30, 1951, amounted to 1,659,353 
short tons, of which about 65 per cent went into fertilizers, in the fol¬ 
lowing forms: 

Material 

Ammoniating solutions 
Ammonium nitrate, solid 
Ammonium sulfate 

Anhydrous ammonia, direct application 
Ammonium phosphate, urea, sodium nitrate 
Anhydrous ammonia for ammoniation 


Per cent of total , 
N basis 
36.6 
*1.7 

15.8 

11.9 

8.7 

5.8 
100.0 


As shown in the foregoing tabulation, a major portion of the fixed nitro¬ 
gen fertilizer material is produced in the form of ammoniating solutions 
which are not consumer products but are intermediate materials used 
by the phosphate fertilizer industry. 

The treatment of superphosphate with ammonia is a widespread 
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i i_i (\ \ ammonia acts as a conditioner 

at»" £ ££ 

equations: , NHj _ C aHPO. + NH.ll,PO. + «!,<> 

NH.h'pO. + CaSO. + NH> * CaHPO, + (NH0£U< 

Wfl4 * extent in the ammonia* 

Although anhydrous ^2Vi\he\mmoma for that use comes from 
tion of superphosphate, m • n i tr ate (or sometimes urea) 

aqueous are ou .he n»r- 

as well as ammonium y content of ammoniating solutions 

ket. About 50 per cent c ?. i • * an k cars to the superphos- 

(M^reand’trdt 1940; Hecht 

Pt al 1952) Because of the ceiling on the proportion of nitroge 
can be added in the form of ammoniating solutions, it is neceSS **J” 
_ CI1 , nract ice to use higher-cost nitrogen, such as ammonium sulfa 
HU nitrate, whenever i. is desired to increase ,h, nitrogen above 

3 Darts of N to 10 parts of P 2 0 5 in mixed fertilizer. ,, 

3 P The production of ammonia for fertilizer use involves the problem 
of off season storage. Although all parts of the fertilizer industry are 
confronted with that problem, it is particularly serious in the case o 
ammonia An ammonia plant, for economy, must operate continuously 
on a year-round basis. Anhydrous ammonia can be stored only in pres¬ 
sure vessels and the capital cost of such vessels is so high that it is almost 
equal per ton to the capital cost of ammonia manufacturing facilities. 
Solution of the problem lies in converting ammonia into more conven¬ 
iently storable forms such as ammonium nitrate, urea, ammonium sul¬ 
fate, ammonium phosphate, ammoniated superphosphate, and, to some 
extent, ammoniating solutions. Plant capacity for the conversion of 
ammonia into ammonium nitrate or urea is currently far short of 
capacity for ammonia production, although plants now being built will 
help to close the gap. Ammonium sulfate production is beset with the 
sulfur shortage since the process now in use in this country requires 
sulfuric acid, although a commercial process is available that does not 
require acid (Higson, 1951). With the exception of the ammoniation of 
superphosphate, all methods for converting ammonia into solid forms 

increase the unit cost of the nitrogen. 

The interdependence of superphosphate and ammonia is apparent 
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from the foregoing discussion. At present, however, there is little inte¬ 
gration of production; few manufacturers make both materials. Al¬ 
though better integration might be mutually beneficial, it is obviously 
not essential in the present status of the industry. In contrast, integra¬ 
tion of nitrogen and phosphate facilities is prerequisite for nitric phos¬ 
phate production, widely advocated as a sulfur conservation measure. 
Because they represent the younger and more flexible of the two groups, 
the fixed nitrogen producers will probably take the initiative with re¬ 
gard to that integration, although they lack the well-established fer¬ 
tilizer distribution system of the phosphate producers. 

VI. Uranium 

The effects of an unforeseeable external development on the phos¬ 
phate industry are illustrated by the case of uranium. The development 
of atomic energy is dependent on a supply of uranium, a rare element. 
That situation has stimulated a search for uranium. In the course of 
that search uranium was found to occur in small percentages in certain 
rock phosphates of Florida and of the West (Wimpfen, 1951). It was 
found also that phosphoric acid prepared by the wet process from 
uranium-bearing rock phosphates contains most of the uranium in a 
form amenable to recovery before the acid is used to make either triple 
superphosphate or ammonium phosphate. Only about 10 per cent of the 
current production of phosphate fertilizers is made from phosphoric 
acid, and it would be more desirable to recover uranium from the prin¬ 
cipal product, ordinary superphosphate, but that is still an unsolved 
problem. There is currently no alternative to increasing the production 
of phosphoric acid and the fertilizers made from it. Such an increase 
would present several problems. In the first place, phosphoric acid 
manufacture requires more sulfuric acid per ton of product P 2 O 5 than 
does superphosphate, thereby aggravating the sulfur shortage. The 
economical utilization of an increased production of phosphoric acid is 
also a problem. The construction of new triple superphosphate or am¬ 
monium phosphate plants adjacent to the phosphoric acid plants would 
duplicate existing facilities that might have to operate at reduced 
capacity as a result of the curtailment of sulfuric acid supply. A possible 
expedient would be to ship the phosphoric acid to existing superphos¬ 
phate plants, where the acid would be used to make either triple super¬ 
phosphate or “enriched superphosphate,” the latter being made from 
mixed sulfuric and phosphoric acids. One drawback to such an ex¬ 
pedient is the high cost of shipping phosphoric acid, as compared with 
shipping either rock phosphate or superphosphate. As a counteracting 
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factor, present plants would be utilised and the present fertiliser mixing 

‘” d R«me h “wan'™'from “nicV^phate processes is an interest- 
ing possibility that is being investigated. 

VII. Particle Size, Caking, Drillability, and Granulation 

A maior factor in the evaluation of a phosphate as a plant food is the 
rate at which it dissolves in the soil solution. Rate of dissolution is de- 
, . nn <;pvf»ral factors of which chemical composition and particle 

Sze can be controlled by’the manufacturer. Chemical compontoon “ 
relatively stable for any given set of process conditions and will not be 
diussed here. Particle size, however, is amenable to a wide adjustment 

without maior changes in processing operations. 

The rate of dissolution of any material increases with decrease in 

particle size, since dissolution is a surface phenomenon and the amount 
of surface increases with fineness of the particles. The rate of diss °^‘ 10 " 
of the quickly soluble phosphates such as monocalc,urn phosphate or 
phosphate U so rapid that, from the staudpo.nt of solub, ,,y 
as measured by the laboratory test, particle size is immateria 1 The less 
soluble phosphates such as calcium metaphosphate, fused tncalcium 
phosphate, or calcium-magnesium phosphate require fine gn g 
obtain adequate rates of dissolution. Some furnace products are not only 
composed of slowly soluble phosphates, but these may sometimes be 
encased by insoluble glassy materials, in which cases fine grinding is 
needed to liberate the phosphate. There are two practical considerations 
that limit fineness in grinding: (1) cost, and (2) dustiness which is 

objectionable in handling the material. # . , 

Certain phosphates, such as fluorapatite, are so insoluble that even 

the finest grinding will not bring the solubility up to acceptab e levels, 
as measured by the official laboratory test. Although solubility is a 
controlling factor in selecting the particle size of the less soluble phos¬ 
phates, other factors enter into the decision as to particle size of the 
more soluble phosphates, and these factors are discussed in the follow¬ 


ing pages. 

1. Caking and Drillability 

Fertilizers become caked during storage because of recurrent changes 
in humidity or temperature or both. Caking can also occur from 
chemical reactions, for example, between superphosphate and am¬ 
monium sulfate. When the relative humidity is high and the material 
is exposed to the atmosphere, a film of moisture is absorbed on the sur- 
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face of the particles and dissolves enough salt (in the case of water- 
soluble materials) to form a saturated solution. If the humidity or the 
temperature becomes lower, crystals are deposited from the solution 
and act as a cementing agent to bond the particles together. The severity 
of caking is affected by the size of the particles. Large, closely sized 
particles form loose friable aggregates that break up during normal 
handling, whereas fine particles form hard dense aggregates that are 
troublesome to handle (Mehring et al., 1935). In the case of a material 
completely shielded from atmospheric moisture, caking can still occur, 
as a result of changes in atmospheric temperature that affect the 
solubility of salts in the residual moisture. A perfectly dry material 
packaged in a moistureproof container should remain uncaked in¬ 
definitely, regardless of particle size, hygroscopicity, and atmospheric 
conditions, except for materials that undergo changes in crystal form, 
such as ammonium nitrate. Similarly, a free-flowing material that con¬ 
tains some residual moisture should remain uncaked when stored in a 
moistureproof container under constant-temperature conditions, irre¬ 
spective of particle size or hygroscopicity. Even the best bags fail, how¬ 
ever, to provide a perfect seal against moisture. Furthermore, it is not 
commercially feasible to prepare completely dry fertilizers or to store 
fertilizers at constant temperatures. The foregoing discussion is in¬ 
tended however, to bring out some fundamentals of caking. 

Solid fertilizers are usually applied to the soil by means of a me¬ 
chanical dry feeder, or “drill,” of which there are several designs on 
the market. The efficient utilization of a fertilizer depends, to a large 
degree, on proper placement in the soil, which in turn depends both on 
the machine and on the flow characteristics or “drillability” of the 
fertilizer. 

The flow characteristics of solids are influenced by the size of the 
particles, and by their mositure content and shape. Mehring and co¬ 
workers (1935) conducted tests on the flow characteristics of solid 
fertilizers and found that, from the standpoint of drillability, 20 to 80 
mesh is the most satisfactory range of particle size. They found that as 
the moisture content was increased, the limiting size for gravity flow 
was increased. Under their test conditions material as fine as 300 mesh 
would not flow even when drier than usually encountered commer¬ 
cially, whereas the same material in the form of 20- to 30-mesh grains 
would flow, even when very damp. 

2. Granulation 

Many fertilizer manufacturers have turned to granulation as a 
means for improving the storage characteristics and drillability of their 
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nrnducts A typical process consists of moistening fine material while it 

rS'. js* ■»» r?"* htt 

P-** into \rlT^e7:L H„d«.y and 

SS 0*0 S dSnTedT^.cip.1 processes »e. A, presen, 

„ f .he .erm ^ 

"“Stirh 1 lT^co^rS«d™Wy‘of r very eSynzrf forge 
standpoint of reduction of caking and improvement of drillability may 

rlessordy be the b* por.feb 

SlTobservoblef and .here is a distinct sales appeal in large, closely 
sized granules. The agronomic effectiveness of granulation ,s not 

evaluated so readily, however. 

VIII. Western Phosphates 

For many years phosphate fertilizers have been produced on a 
limited scale in Montana and British Columbia; rock from the Idaho- 
Montana region and byproduct sulfuric acid from smelter operations 
are used. Geographically the western rock phosphates are distant from 
the principal markets for fertilizer; this fact has held back their deve- 
opment There are, however, large agricultural areas currently served 
by Florida or Tennessee phosphates that, potentially, could be served 
more economically by western phosphates. Since the reserves of western 
rock exceed those of Tennessee and Florida, greater use of the western 
phosphates is desirable from a standpoint of conservation. 

Recently several factors have made the situation more favorable for 
western production of phosphate fertilizers. The fertilizer market has 
increased about sevenfold in the western North Central States from 
1941 to 1951, and much of that region lies within the economical radius 
for western phosphates. The Tennessee phosphate field, which is the 
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closest competitor for that market, is becoming exhausted, particularly 
with regard to the high-grade rock preferred for making superphos¬ 
phate. In the past 5 years there has been a phenomenal growth of elec¬ 
tric furnace phosphorus production in several localities, including the 
West. Although that production is primarily for nonfertilizer materials, 
it brings with it an increase in scale of production of western rock phos¬ 
phate. Larger-scale mining of western rock will lead to more complete 
data on rock composition and mining costs. In addition, large-scale 
mining of furnace-grade rock should lower the cost of mining the asso¬ 
ciated high-grade rock suitable for wet-process phosphate fertilizer pro¬ 
duction. The sulfur shortage is less serious in the West than in most 
other regions, because of the availability of byproduct sulfuric acid 
from western smelters, the availability of pyrites, sometimes in the 
form of tailing from metallurgical processes, and the potentialities of 
recovering sulfur from western natural gas. Possibility of the use of 
western deposits of trona, a natural bicarbonate of soda, has aroused 
interest as to the utility of the Rhenania process used in Europe, which 
comprises calcination of a mixture of rock phosphate and sodium 
carbonate. 

With regard to processes, the long shipment required to bring west¬ 
ern phosphates to the larger markets favors products having high con¬ 
centrations of plant food, such as concentrated superphosphate, calcium 
metaphosphate, and ammonium phosphate. Shipment of western phos¬ 
phorus in elemental form for conversion into phosphoric acid for 
fertilizer production nearer the consumer will no doubt receive con¬ 
sideration. Development of a standard “packaged” plant for making 
phosphoric acid from phosphorus, comparable to present plants for 
making sulfuric acid economically on a relatively small scale, would be 
helpful in promoting the shipment of western phosphorus for fertilizer 
use. The western phosphate field is in a stage of rapid industrial ex¬ 
pansion. Although most of the expansion is for products other than 
fertilizers, there are indications that the region will play an increasingly 
important part in the phosphate fertilizer industry (see Chapter XI). 

IX. Byproducts 

The phosphate industry produces numerous byproducts, some of 
which are marketable and add to the income from the manufacturing 
operations, whereas others constitute atmospheric or stream pollutants 
unless special provision is made to render them innocuous. It is not 
logical to designate these latter materials as “wastes,” since the term 
implies that they are without value. Although presently without value, 
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they may well become valuable at some later time, either through the 
development of new uses or better recovery processes. 


1. Fluorine 

• i j r nrlc nhosnhates contain fluorine, the per- 

All commercial domestic r°ck ph p ^ ^ excess of the 

centages ranging from a ’ tite , CaJ^CPO,),. In the manu- 

stoichiometric requireme ^ P of the nuorine is driven off, 

facture of su P e ^°£ 0 f silicon tetrafluoride. The exact proportion 
principally in the form as on the processing 

Sf Z ; 40et In the various furnace processes the 
conditions (Siems, 195 , P ) ^ ^ form of hydrogen fluoride 

fluorine is towni off,■ P PJ compound and silicon tetrafluoride 

h.i,.«,« in relatively low con- 

centratjont, XdamTTu/. 0952), sodium lluosilicate was 

] n r l 9 A a l n ne phosphate plants, potassium fluosilicate at four, zinc 

ESr: olTiome* l”n“ !he lluorLs are merely scabbed from 

!f the fluorspar reserves by more than a hundredfold. The volatilization 
of fluorine in domestic phosphate processes is estimated to amount to 
about 70,000 tons per year (Hignett and Siegel, 19 ) as oompa 

with 15,000 to 20,000 tons recovered in marketable forms (Adams et a ., 


1952). 

2. Phosphate Tailing 

Rock phosphate occurs, in the Florida and Tennessee deposits, m the 
form of particles of apatite that are embedded in clay, much of which 
is colloidal. The preparation of the rock phosphate for commercial use 
includes a separation of the apatite from the clay by a system of was n- 
ing and classification. The clay fraction constitutes a tailing, or waste, 
which is produced in the form of a dilute and stable suspension, quite 
resistant to dewatering. The disposal of the tailing is a difficult problem 
because of its resistance to dewatering and because of the large volumes 
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produced. Lagoons covering many acres at each plant are generally 
provided for impounding the tailing. Despite these facilities, the cost 
of which is often appreciable, much of the tailing finds its way into 
streams and wells, giving the water a muddy character. 

3. Vanadium 

Certain western rock phosphates contain vanadium, an element used 
in making special steels. The Anaconda Copper Mining Company has, 
since 1941, recovered vanadium as a byproduct of its phosphate fer¬ 
tilizer operations in Montana. Their process, described by Banning and 
Rasmussen (1951), is carried out in connection with the manufacture 
of wet-process phosphoric acid from rock phosphate containing about 
0.25 per cent V 2 0 5 . The vanadium is separated from the acid by special 
treatment, and the acid is subsequently used to make triple superphos¬ 
phate. When vanadium-bearing rock phosphate is used in the electric 
furnace process described under Section IV, the resultant ferrophos- 
phorus contains most of the vanadium. The recent expansion in the 
electric furnace process in the West and the scarcity and importance of 
vanadium have stimulated research on processes to effect recovery of 
vanadium from ferrophosphorus (Banning and Rasmussen, 1951). 

4. Other Byproducts 

In the manufacture of wet-process phosphoric acid an impure cal¬ 
cium sulfate is a major byproduct, and large piles of that material have 
accumulated. The sulfur shortage has aroused interest in the use of 
such material as a source of sulfuric acid. A workable process is avail¬ 
able for making sulfuric acid from calcium sulfate, but its utility is re¬ 
stricted by the need for making cement as a coproduct. In another proc¬ 
ess, calcium sulfate is used for making ammonium sulfate. In both 
processes, however, calcium sulfate in the form of mineral gypsum or 
anhydrite is generally preferred to byproduct calcium sulfate because 
of troublesome impurities in the latter material. In fact, one British 
plant making ammonium sulfate from calcium sulfate (Higson, 1951) 
operates with mineral anhydrite despite the presence of a large waste 
pile of byproduct calcium sulfate at the same plant. 

In the use of wet-process phosphoric acid for the manufacture of 
sodium phosphates, the acid is subjected to a purification step that re¬ 
sults in the production of a filter cake which is dried and sold for use as 
a conditioner for mixed fertilizers. That material, marketed under 
various names including Hy-Grade Neutral Phosphate and Tri-Prod¬ 
uct, contains about 40 per cent P 2 0 5 , which is practically all citrate- 
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Fe 2 0 3 , about : 7 per cen ea ’ , ^ electric furnace process, as 

The product,on of P^phorus^by the^ ^ useful in ag . 

described under Section , g . is a material that has been 

riculture. One of these calciumsiliwl q{ add soils (Mac . 

studied intensively an pro yproduct having agricultural sig- 

Intire e* al, * 94 f ^^"^^ectroslatiC precipitators, called “potash- 
nificance is a dust from . 2 8 ner cent P 2 0 5 and 16 per 

phosphate ash,” which contains ^ P suita y e for use as fertilizer. A third 
cent K 2 0. After agg omera 1 . ferrophosphorus containing 

byprrf „., of *‘“7 fid by *0 foundry and ,.<*■ 

18 to 25 per cen • limited an( j ferrophosphorus production has 

industry but that ™ d The byproduct carbon monoxide from the 

frequently exceededd^ 1 he W f urnace charge, al- 

of pho"pho™ .ho. or, difficult to remove, 
!S it ifnsuitable for use « fuel in st..m boilers or other power- 

generating equipment. 
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Chapter XIII 

Ph.sph.~s Status aad Requirements .f S.ils ia the United States 

F. W. PARKER 

I. Introduction 

The nation’s phosphorus resources may be classified under two 
broad categories, the phosphorus in the soil and deposits of phosphatic 
ores The adequacy of the former for crop production determines the 
need for processing the latter into fertilizers. Thorough knowledge of 
the amount and condition of phosphorus in the virgin soils of the Unite 
States would provide a logical base for consideration of phosphorus 
fertilizer requirements for different crops and farming systems. Fortu¬ 
nately the production of phosphate fertilizers to meet a ^ ult " al ^ 
quirements did not await the development of such dat^ As the data 
became available, however, they helped to explain, as well as guide, the 
use of phosphatic fertilizers. Even at this relatively late date a though 
knowledge of phosphorus in virgin soils would be very useful to agri¬ 
culture and the fertilizer industry. 

The phosphorus status of soils may be greatly altered by manage¬ 
ment practices. Changes of tenfold or more m the capacity of a soil to 
supply phosphorus to crops are not uncommon. These changes are pr 
duced by a variety of practices, including the use of fertilizers, farm 
manures, liming, cropping, and water management. Additional infor¬ 
mation on the nature and magnitude of these changes is essential to an 
accurate estimation of phosphorus fertilizer requirements and to the 

efficient use of fertilizers. 

In this chapter will be considered: 

1 . The phosphorus status of the virgin soils of the United States and 
the influence of various factors of soil genesis on the phosphorus status 

°f soils. # 

2. The influence of various soil management practices on the phos¬ 
phorus status of soils. 

3 . Trends in the phosphorus fertility status of soils of the United 
States. 

4. Our requirements for phosphate fertilizers in the years ahead. 

First, it may be well to define at least one term—the phosphorus 
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fertility status of soils. For the purpose of this discussion it means the 
capacity of the soil to supply phosphorus to a crop when other nutrient 
and environmental factors are not limiting growth. Obviously, if fer¬ 
tility status were to be expressed by a single value, the crop arid other 
conditions of making the determination would have to be defined and 
standardized. We have not had a dependable method for determining 
the phosphorus fertility status that could be used on all soils. The A 
value method (Fried and Dean, 1952; Dean, 1952) may prove to be 
better than any other single measurement. (See Chapter II.) Even if 
that should be the case, it would still be desirable to have additional data 
on the quantity and forms of soil phosphorus. The ideal situation would 
be to have the following information on the various horizons of the soil 
profile: 

1. Total phosphorus. 

a. Organic. 

b. Inorganic. 

2. A value. 

3. Phosphorus extractable by one or more chemical methods. 

Such data on a given soil are comparatively rare. The discussion of phos¬ 
phorus fertility status, therefore, must be based on more limited data. 

II. Phosphorus Status of Virgin Soils 

Total phosphorus content is the only available basis on which we 
can evaluate the phosphorus fertility of large numbers of virgin soils. It 
serves as an index of phosphorus reserves even if it is not an adequate 
index of fertility status. The total phosphorus content of the surface 
soils of the United States in their virgin condition is shown in Fig. 1. 

The area most deficient in total phosphorus is the coastal plain of 
the South Atlantic and Gulf States. From this low level the phosphorus 
content increases, generally speaking, to the north and west. It is par¬ 
ticularly high in the Bluegrass Region of Kentucky, the Central Basin 
of Tennessee, and in some of the Northwestern States. The alluvial soils 
of the Lower Mississippi Valley reflect the relatively high phosphorus 
content of the soils of the Upper Mississippi and Missouri basins from 
which they are derived. In general, there is about a tenfold range in the 
phosphorus content of soils. Extreme variations, of course, are much 
greater. It may be inferred that the areas quite low in total phosphorus 
will need phosphorus fertilizers. Areas medium to high in total phos¬ 
phorus may or may not require phosphorus fertilization for efficient 
crop production. 

Figure 1 is based, in large part, on data on the chemical composition 
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Of soils obtained on the distribution of 

phosphorus TL f ,^0^ 

phosphorus content of the su United States, the percentage 

Simonson (1951). For -^^dtbVurface layers does not differ 
of total phosphorus u.thesur ^ slight and may be in either 

Of 'the humid region there is a tendency for 
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PHOSPHORIC ACIO IN SURFACE FOOT OF SOIL 
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Fig. 1. Phosphoric acid in surface foot of soils in the United States. 


a minimum somewhere between the A, and C horizons Soils which 
have undergone podsolization exhibit a distinctly lowered phosphorus 
percentage fn the leached layer and an accumulation of phosphorus n 
the B horizon. On the other hand, soils formed under limited rainfall 
are relatively uniform in phosphorus content throughout the profile. 

Investigations also indicate a concentration of phosphorus m the soil 
colloid and, frequently, greater differences in the phosphorus content 
of the colloid than in that of the soil from the different horizons This is 
illustrated by the data for Frederick silt loam (Alexander et al.. 1939) 
shown in Table I. 
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TABLE I 

Distribution of Phosphorus in the Profile of Frederick Silt Loam' 1 


Horizon 

Depth, 
inches 

Per cent PiO t 

Soil 

Colloid 

Ax 

0-2 

0.07 

0.24 

A s 

2-11 

0.03 

0.21 

B, 

11-16 

0.04 

0.10 

B, 

16-36 

0.03 

0.05 

C 

36-56 

0.04 

0.04 

Parcut rock 

0.04 



• 1>»U of Alexander el at. (1980). 

The total phosphorus content of soils is greatly influenced by the 
phosphorus content of the parent material. This seems to be the ex¬ 
planation for the major differences shown in Fig. 1. The high phos¬ 
phorus soils of the Bluegrass Region and the Central Basin are derived 
from phosphatic limestone. In the same general region, soils from non- 
phosphatic limestone are relatively low in total phosphorus. The low- 
phosphorus soils of the Atlantic and Gulf Coastal Plains are derived, 
for the most part, from parent materials quite low in total phosphorus. 

A study of Fig. 1 suggests the hypothesis that climate or a combina¬ 
tion of climate, vegetation, and time materially influences the phos¬ 
phorus content of soils. The general changes in content from south to 
north and from east to west may be partially explained by such a 
hypothesis. 

Climate, vegetation, and time undoubtedly have a greater influence 
on the forms of phosphorus in soil and its availability to crops than on 
total phosphorus content. The Iowa and Nebraska Agricultural Experi¬ 
ment Stations have made important contributions in this Field. Iowa 
investigators (Pearson and Simonson, 1940; Pearson el al 1940; Stelly 
and Pierre, 1943) have studied the amount and forms of phosphorus in 
the profile of about 20 soils representing the major soil associations of 
the state. Table II was compiled from their data. The trends are clearly 
evident. The organic phosphorus is highest in the surface soil and de¬ 
creases steadily with increasing depth. Dilute acid-soluble phosphorus, 
like total phosphorus, is at a minimum concentration at 6 to 13 inches. 
The total phosphorus contents of the surface soil and the deep subsoil 
are essentially the same, but the dilute acid-soluble phosphorus content 
of the C horizons is much higher than that of the top soil. The same 
trends are apparent in all three of the Great Soil Groups studied— 
Prairie soils, Gray-Brown Podzolic soils, and Planosols. Lohse and 
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TABLE II 

or ORGANlc D.lute Acid-Soluble, and Total Phosphorus 
Vertical Dist ribution oi Uroamc. l»i ___ 

Phmrnhnrus 


Depth , Organic, 0 


Horizon 

inches 

p.p.m. 

Marshall silt loam 


Prairie 

Ai 

0-6 

264 

6-9 

145 

An and Ai 

12-15 

95 

18-21 

61 

Ci 

24-27 

28 

39-42 

19 

C 

54-57 



57-60 

16 

Fayette silt loam 

Gray-Brown Podzolic 


At 

0-1H 

352 

A, 

1^-4 

230 

Asi 

4-7 

167 

Bi 

10-13 

67 

Bi 

16-19 

45 

Bn 

28-31 

26 

b 3 

40-43 

24 

c 

49-54 

22 


Dilute 
acid - 

MU* Total," 
p.p.m. p.p.m. 


17.4 698 

7.8 634 

25.3 618 

73.0 633 

107.0 759 


217.0 

855 


74 860 

4* 639 

23 552 

U 396 

*6 507 

38 579 

92 718 

118 732 


• D*U of Pearson and Simonson (1939). 

* Data of Pearson et at. (1940). 

Ruhnke (1933), in a study of Brown Forest soils in Canada, also found 
cSute acid-soluble phosphorus to be higher in the lower parts of the 

nroflle than in the top soil. , . . 

It would appear from the foregoing studies that during the processes 

of soil formation, the inorganic phosphorus was changed from readily 
soluble calcium and magnesium phosphates to less soluble iron and 
aluminum phosphates, and, by the action of plants, to organic phos¬ 
phates. Under conditions of higher rainfall and temperature, the phos¬ 
phorus would probably have become even less soluble 

Allaway and Rhoades (1951) made a similar study with Chestnut 
and Chernozem soils developed from loess in southern Nebraska. The 
results are similar to those secured in Iowa. There is, however, one 
difference. In both of the two Chestnut soils and in two out of five of 
the Chernozems the maximum concentration of organic phosphorus is 
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found not at the surface but slightly below. In all of these soils except 
the most highly developed Chernozems, large amounts of organic 
phosphorus (more than 100 p.p.m.) are found at depths of 18 inches or 
greater. 

Godfrey (1951) studied the distribution of phosphorus in five loess- 
derived soils taken along a traverse in southwestern Iowa and northern 
Missouri. All soil-forming factors were believed to be essentially con¬ 
stant except time, which increased in a southeasterly direction along 
the traverse. Table III gives the contents of total and organic phos¬ 
phorus in the 0- to 24-inch section of the profile. 

TABLE III 


Phosphorus in Soils of Different Degrees of Weathering* 


Soil 

(Degree of weathering increases 
from Minden to Putnam) 

0-2h 

inches 

Total P, 
pounds/acre 

Organic P, 
pounds/acre 

Minden silt loam 

4307 

20C4 

Winterset silty clay loam 

3910 

1866 

Haig silt loam 

2841 

1444 

Edina silt loam 

2830 

1150 

Putnam silt loam 

2480 

963 


• Data of Godfrey (1951). 

The data show a decrease in both total and organic phosphorus in 
the 0- to 24-inch section as the degree of weathering increases. Differ¬ 
ences in the 24- to 48-inch section were small. The ratio of total phos¬ 
phorus in the top section to that in the lower section declines from 0.89 
in the Minden to 0.54 in the Putnam. 

The amounts of organic phosphorus found in these profiles were of 
the same order of magnitude as found by the earlier workers. In the 
case of the two Planosol soils, this work does point out one new char¬ 
acteristic and that is an A 2 organic phosphorus content distinctly lower 
than is found in the layers immediately above and below. 

111. Influence of Management on Phosphorus 

Soil management practices may either lower or improve the phos¬ 
phorus fertility of soils. The change may be produced by (1) removal 
of phosphorus, (2) additions of phosphorus, or (3) change in the forms 
of soil phosphorus. The major practices influencing phosphorus fertility 
will be considered with respect to both the kind and magnitude of the 
changes they produce. 
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1. Cropping 

Cropping is a universal practice influencing the phosphorus fertility 
of sS In some areas and on some fields of many farms .t is he major 
nractice In other regions and fields it is less important than other prac¬ 
tices especially the application of manures and phosphatic fertilizers. 
^ Growing aid harvesting crops result in the annual removal of abou 
. or\ g a c nf P O ner acre. As compared to crop removal of 
15 to p ° u , th * remova i 0 f phosphorus is low. Even though the 

amounts Amoved are substantial, it does not follow that it- economic 
^ replace these amounts of phosphorus or that on many sods the re¬ 
placement of the amounts removed wdl be adequate for good produc- 

t,OI1 Loss of phosphorus due solely to cropping is usually rather small 
esneciallv when measured in terms of total sod phosphorus (Blair and 
S. .M6 r«vy „ at., 1940, Puhr „„d Olson 1937). Cropp.ng, 
however, not only removes phosphorus from the sod but a > ters the P r °" 
portion of the various forms of inorganic and organic phosphates re¬ 
maining in the soil. The crop removes so-called available phosphorus^ 
This has been shown by comparing the amount of phosphorus removed 
by intensive cropping in a greenhouse experiment with the reduction in 
A value due to cropping (Rubins, 1952). The data are summarized in 

Table IV. 

TABLE IV 

Phosphorus Removal by Crops and the Change in- A Value or So.ls° 


Soil type 


Phosphorus 
removed by crops, 
mg./pot 


Reduction in A 
value by cropping , 
mg./pot 


Sassafras 

Moyock 

Caribou 

Caribou 

Caribou 

Collington 


76 

148 

210 

230 

90 

122 


98 

208 

165 

218 

92 

141 


Data of Rubins (1953). 


Kubota et al. (1948) have shown that cropping for 30 years mate¬ 
rially reduced the readily soluble phosphorus in an irrigated Chestnut 
soil. The reduction in the surface foot varied from 66 to 78 per cent, 
depending on the rotation. Changes in readily soluble phosphorus at 
depths of 12 to 24 inches and 48 to 60 inches were larger than would be 
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expected. It may be, therefore, that the long storage of the virgin sample 
resulted in some changes that tended to magnify the differences. 

Under limited rainfall, as in the Great Plains, cropping is almost 
the only management practice influencing fertility. Preliminary data 
(Haas, 1952) on soils from 13 dry-land field stations indicate that 35-45 
years of cropping have not seriously impaired the phosphorus fertility 
of the soil. Total phosphorus was reduced less than 10 per cent. On the 
other hand, available phosphorus was slightly increased. The increase 
may have been due to the conversion of a considerable portion of the 
organic phosphorus to inorganic forms which had a high availability 
in these almost neutral soils. 

The importance of phosphorus removal by cropping increases as 
agricultural production is increased. It is estimated, for example, that 
phosphorus removal by harvested crops increased from 1,372,000 tons 
of P 2 0 5 in 1920 to 1,815,000 tons in 1947. Further increases in produc¬ 
tion will certainly result in the annual removal of more than 2,000,000 
tons of P 2 O s . 

2. Liming 

Liming of acid soils usually increases the yields of most crops and 
is particularly effective in rotations which include legumes. (For a more 
complete discussion of the influence of liming on the availability of 
phosphorus, see Chapter IX.) The increase may be due to a change in a 
number of factors, including the availability of native and applied phos¬ 
phates. It is extremely difficult to indicate quantitatively the several 
factors causing yield differences that result from liming. We should 
recognize that liming might reduce the availability of some nutrient 
but that the net effect would still be highly beneficial. 

Salter and Barnes (1935) summarized a large volume of data on the 
influence of soil reaction on the availabilty of soil and fertilizer phos¬ 
phorus. An analysis of long-term trends in yields and response to 
superphosphate in the Ohio five-year rotation experiment led to the con¬ 
clusion that liming increases the availability of soil phosphorus. The 
influence of liming on soil phosphorus was also indicated in a legume- 
reaction experiment in which several grain crops were grown in a three- 
year rotation with different legume and hay crops on plots whose reac¬ 
tion varied from pH 4.7 to 7.5. The data are summarized in Table V 
(Ohio Agricultural Experiment Station, 1951). 

When no phosphate was applied the highest average yields of both 
grain and hay crops were at pH 7.5, but when phosphate was used on 
corn and wheat in the rotation, the highest yields were at pH 6.8. The 
maximum response of grains to phosphate was at pH 5.7, of hay crops 
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pH 6 8. Both grain and hay Ato». 

superphosphate when t e soi w These data may be explained 

yields were secured wit ou p availability of soil phosphorus or 

tively good yields make the first assumption very plausible. 


TABLK V 


Chop Yields and 

Response to Superphosphate- 

AT ! 

Different Soil Reactions** 




Soil reaction, pH 



Cro-ps 

Treatment 

4-7 

5.0 

.5.7 

6.8 

7.5 

4 grain crops, 
bushels 
per acre 

Phosphorus 

No phosphorus 
Increase 

20.9 

14.8 

0.1 

28.8 

19.2 

9.6 

36.7 

28.3 

13.4 

40.1 

30.6 

9.5 

38.6 

34.7 

3.9 

7 hay crops, 
pounds 
per acre 

Phosphorus 

No phosphorus 
Increase 

587 

664 

-77 

936 

917 

29 

2213 

1603 

610 

3743 

2790 

953 

3729 

3524 

205 


- 500 lb. in * S-ye»r rotation. 

k Data of Ohio Agricultural Experiment Station (1951). 


The data of Table V clearly indicate that a good liming program to 
bring soils to reactions of 5.7 to 6.8 is essential for using superphosphate 

3t ThThXen« ie of C hming on the availability of phosphate fertilizers 
depends on the soil, the kind of phosphate used and the crop bemg 
grown As indicated in Table V, however, liming to pH 6.0 to 6.5 usu 
Sly increases the efficiency of superphosphate and other water-soluble 
phosphate fertilizers. Other data show that liming tends to reduce the 
utilization of bonemeal, rock phosphate, and other phosphates of low 


solubility. 


3. Farm Manure 


Farm manure contains from 5 to 10 pounds of PA, per ton, with . 7 
pounds as a good average. Manure is usually applied at rates of 5 to 2U 
tons per acre, thus giving P 2 O s applications of 35 to 140 pounds. Such a 
practice will obviously influence the phosphorus fertility of the soil. 

New York investigators (McAuliffe and Peech, 1949; McAuliffe 
et al., 1949) have shown that 50 to 85 per cent of the phosphorus in 
sheep and cow manure and in legume-grass forage is in inorgamc 
forms. Using radioactive phosphorus techniques they showed that phos¬ 
phorus in manure is just as available to ryegrass as phosphorus in 
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superphosphate. On this basis the phosphorus in farm manure applied 
to harvested crops in 1947 was equivalent to 4,000,000 tons of 20 per 
cent superphosphate. 

Larson et al. (1952) have recently determined the influence of 
manure on the available phosphorus in soils as indicated by solubility 
and A values from field experiments. The determinations were on plots 
of long-time irrigated rotation experiments with Tripp fine sandy loam 
at Scottsbluff, Nebraska, and Pryor silty clay loam at Huntley, Mon¬ 
tana. Both experiments were started in 1912. The data of Table VI are 

TABLE VI 

Available Phosphorus in Manured and Unmanured Plots of Rotation 

Experiments 0 


Available PiOf,, pounds/acre 


Location 

Treatment 

// zO-soluble 

A value 

Scottsbluff 

Manure 

44 

320 


No manure 

6 

63 


Increase 

38 

257 

Huntley 

Manure 

18 

975 


No manure 

6 

468 


Increase 

12 

507 


• Data of Larson et al. (1952). 

from a three-year rotation of oats, sugar beets, and potatoes. The 
manured plots received 12 tons of manure every third year. It is esti¬ 
mated that a total of about 1000 pounds of P 2 0 5 has been applied on 
the manured plots. The data indicate the great improvement in phos¬ 
phorus fertility resulting from the use of manure. They confirm the 
early results that Kubota et al. (1948) obtained in studies of the Scotts¬ 
bluff rotations. 

The foregoing investigations indicate that manure increases inor¬ 
ganic phosphorus in the soil, but they do not afford much evidence on 
the effect of manure on organic phosphorus. Dean’s (1938) study of the 
forms of phosphorus in soils of the Rothamsted and Woburn experi¬ 
ments gave good evidence on this point. The data show that manure in¬ 
creased both inorganic and organic phosphorus. About two-thirds of 
the total increase was in the inorganic form. The increase in organic 
phosphorus on the manured plots was only slightly larger than on the 
“minerals plus sulfate of ammonia” plots. Apparently when both phos¬ 
phorus and nitrogen were adequate to produce high yields, there was 
an accumulation of organic phosphorus. 
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Associated with *.“U' £2 

, 4 , Nc™*F r ne°and imported 35,500 tons of P,°o in feeds as 

tha rod to 54 000 tons of P 2 O s in fertilizers. Locally produced feeds 
compared to 54 - Much the same situation 

contained Lies. It is quite obv.ous from 

*o™.is toThe inorganic form and is as available to plants a. the ph~- 
So™ to superphosphate. The phosphorus m farm manures, crop 
residues composts, and green manures comes from the soil or th 
fertdizer used hi pmducing the crop. The conservation and efficient use 
of manures and crop residues minimize the loss of phosphorus from 
cycle. Their use may alter the form of phosphorus in the soil but would 

not increase the quantity. 

4. Fertilizers 

The liberal application of phosphate fertilizers is the most exten¬ 
sively used procedure for improving the phosphorus fertility of soils. 
The ^long-continued effects of phosphorus fertilization result from th 
fact that loss by leaching is negligible and the phosphorus retained in 
Se soil is in forms that are somewhat available to crops, even several 
years after the fertilizer is applied. This, therefore, makes it P°^bkto 
hnprove phosphorus fertility to a far greater degree than it is possible 
to increase the content of organic matter or the nitrogen fertility of soils 

The same soil and fertilizer reactions that make such improvement 
possible also reduce the efficiency of phosphorus fertilization. Numerous 
investigations, including those with radioactive phosphorus, show that 
the crop fertilized seldom contains more than 5 to 15 per cent of th 
phosphorus applied in the fertilizer. Since the efficiency is low, it usually 
requires relatively large applications of phosphates to produce maxi¬ 
mum yields. Such applications are generally profitable and, therefore, 
extensively adopted. It is common practice for many farmers to apply 
two to ten times as much phosphorus in fertilizer as is removed by the 
crop. Obviously, when repeated over a period of years, this results in 
the accumulation of available phosphorus in the soil, thereby altering 
phosphorus fertilizer requirements and returns from its use. 

The accumulation of phosphorus has been studied by several investi¬ 
gators (Bryan, 1933; Hawkins, 1946; Hawkins et al., 1947; Peech, 1939, 
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1946). Representative data are given in Table VII to illustrate the 
magnitude of the changes that have been observed. It is evident that on 
soils devoted to the production of heavily fertilized crops, it is not un¬ 
usual to find the level of available phosphorus 10 to 20 times higher 
than in comparable virgin soils. 

TABLE VII 

Available Phosphorus in Virgin and Cultivated Soils 


Available phosphorus as PtOi in 


State 

Sod 

series 

Major 

crop 

V irgin soil, 
pounds/acre 

Cultivated soil, 
pounds/acre 

Alabama 0 

Norfolk-Ruston 

Potato 

14 

300 

Maine 0 

Caribou 

Potato 

34 

219 

Virginia 0 

Sassafras 

Potato 

45 

808 

Florida 6 

Norfolk 

Citrus 

63 

543 

New York 0 

Sassafras 

Potato 

15 

778 


• Dat* of Pcech (1945). 
h Data of Peech (1939). 


The availability of the accumulated phosphorus has been shown to 
be rather high (Bryan, 1933; Hawkins et al. 9 1947; Volk, 1945). The 
last study reports a rate-of-phosphorus-fertilizer experiment on plots 
which had received 0, 30, 60, 90, and 120 pounds of P 2 0 5 annually 
during an initial 5-year period. During the second period (4 years), 30 
pounds of P 2 0 5 per acre produced increases of 463, 276, 91, 84, and 67 
pounds of seed cotton per acre, respectively. When accumulations are 
large, the response to phosphorus fertilizers becomes small, just as on 
soils of high native-phosphorus fertility. It is seldom advisable, how¬ 
ever, to discontinue completely the use of phosphorus, but the amount 
may be substantially reduced without an adverse effect on yields. The 
availability of the accumulated phosphorus is influenced by soil manage¬ 
ment and cropping practices. Liming, rotations, including legumes, the 
effective use of crop residues and farm manures, and the control of 
erosion will all contribute to maintaining the accumulated phosphorus 
in a form available to crops. 


5. Erosion 

The change in phosphorus fertility due to erosion varies widely with 
soil types and management. The phosphorus fertility status of the B 
horizon of soils in the humid region is usually lower than that of the 
surface soil. Much of this difference may be due to the differences in 
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form* of SL&^Si* improved through 

lb. phosphorus status of th. subset ^ 0 „ „ cb soils 

types is as high or higher a || , m p r0 ve, the phosphorus fer- 

ero.ion would not reduce, and uugh ““ ™ P „ I p | in P „ J r resp .c„, 

ulity of dr.soil, even “fetive process, the f.ner 

Erosion by e.the,“"portion than the coarser Irac- 
,„U panic es are usually higher in phos- 

phoru. and f« than Z loss of soil. Such loss*, 

phorus may be sever* ttm gr available phosphorus in the 

may become quite high vvhen^the Scarseth and chandler 

surface soil has been Y experiment, 60 per cent of the phos- 

< S ,rj „ upeXta' ■>" - Norfolk 1»"> '''' h “ ^ 

JoTo? cent had been canied away in a clay fr.ct.on lost by eros.ou 
of 0.8 per ceni D hosphate in the same experiment was 82 

^VenTvolk (1945), in somewhat similar investigations, estimated a 

f n 25 oer cent of the applied plus soil phosphorus in a l^-yearex- 
loss of 25 per cent o pp c()ntinuous cotton . In both of 

erosion was .light. The loss was chiefly due to the loss 
f 1 rnllnids brought into suspension by the impact of rain on the 
Se of the soil In both experiments the loss of phosphorus by erosion 

surface of the soibmt.^^ P removal It is evide nt from such 

Indies that estimates of changes in phosphorus fertility based primarily 
rSJons of phosphorus and crop removal may lead to erroneous 

“"Watr run-off even where there is little or no erosion may result in 
substantial losses of recently applied soluble phosphates. Rogers; (1943) 
has shown that 9 to 20 per cent of the phosphorus applied as a top 
dressing of triple superphosphate on pastures may be lost in the surface 
run-off from a rain of high intensity immediately following the appli¬ 
cation of the fertilizer. There was negligible loss from water-insoluble 
phosphorus fertilizers or from triple superphosphate after the first 

heavy rain. 

IV. Phosphorus Fertility Trends 


Trends in phosphorus fertility may be estimated by a consideration 
of the relative impact of the several management practices that have 
been discussed. Estimates of trends may be made for an individual Held, 
a farm, county, or state. The larger the unit, the greater the variations 
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within the unit. Nevertheless, for some purposes it is desirable to con¬ 
sider large units—states, regions, and the nation. It is also desirable to 
express trends quantitatively as far as possible. Reasonably satisfactory 
quantitative estimates can be made for phosphorus removal by crops 
and additions to the soils. These will be used as one indication of fer¬ 
tility trends. Other factors involving trends will be discussed in more 
general terms. Finally, the evidence available from the analysis of soils 
will be considered. 

The data to be presented are necessarily for large units and are often 
expressed in average rates per acre. This obscures the large and very 
important variations within the unit for which averages are given. In 
guiding fertilizer practices on a farm it is essential to know fertility 
levels by fields or parts of fields. For estimating state or national trends 
in fertility, averages and other data for large units are useful, but the 
range of values going to make up the average for the unit should never 
be forgotten. 

Most of our data on trends in phosphorus fertility relate primarily 
to croplands as contrasted to pastures and other noncroplands on the 
farm. Data on phosphorus removals and additions to croplands for the 
period 1910-1955 are given in Table VIII. These data indicate that, 

TABLE VIII 

Estimated Removal ok P 2 0 5 by Harvested Crops and Additions to Soils as 
Fertilizers and Farm Manures in the United States, 1910-1955 

Thousands of Tons 


Year 

Removal by 

Applied to crops in 

Balance, 

narvcsiea 

crops’ 1 

Fertilizers*’ 

Manuref 

Total 

column 2 

1910 

1103 

490 

631 

1121 

18 

1920 

1372 

640 

727 

1367 

-5 

1930 

1291 

771 

655 

1426 

135 

1940 

1439 

894 

615 

1509 

70 

1950 

1830 

2434 

805 

3239 

1409 

1955 

1897 

3785 

876 

4661 

2764 


• Estimated on basis of the production and average phosphorus content of major crops. 
b PiO» in all fertilizers, including 300,000 tons of PiO» as phosphate rock in 1955. 

< Estimated from livestock population and manure composition and utilization reported by Mebring and 
Parks. 1940. 

for 30 or 40 years, additions of phosphorus in the United States as ferti¬ 
lizers and manures have approximately balanced removal of phosphorus 
by harvested crops. If losses by erosion were included, the balance would 
certainly be strongly negative. Only since World War II has the use of 
phosphorus fertilizers risen to a level that may provide a substantial 
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Kalance If the 1955 goals (Minor, 1952; United States De- 
nartmwit^of Agriculture, 1952) of phosphorus fertilizer production and 
attained additions will be 245 per cent of estimated removal 

by h wouTd d appear from these data that currently the phosphorus fer¬ 
tility oTcropi is not declining. If the 1955 goals for ^.hzer con¬ 
sumption are attained and maintained for a period of y^Mhe fe y 
status of cropped soils should be expected to increase. These data, how- 
do not reflect the possible influence of several important factors, 
neither do they indicate the differences in trends in different regions or 

Sta ‘?he favorable influence of liming on the availability of native and 
applied phosphorus was indicated in Section III.2. It is appropriate, 
therefore^ to consider trends in lime consumption and its effect on phos- 
nhorus fertility. Lime consumption apparently ranged 1 ;° 00 ’ 000 

tons m 3 000,000 tons annually in the period 1910-1930. By 1940 it was 
13 434 000 tons, and in 1950, 26,536,000 tons. This great and sustained 
us ; of’lime has doubtless contributed to the improvementofthephos^ 
phorus fertility of our soils. If consumption should reach 40,000,00 
Ls of liming materials by 1955, the improvement would be even more 

substan of manure use indicated in Table VIII are based pri¬ 

marily on livestock population and an estimate of percentage utilization 
They^o not reflect possible changes in the efficiency of storage and 
utilization of manures. It seems probable that with increased mechani¬ 
zation and improvements in livestock housing and management, utiliza¬ 
tion of manures is also being improved. Certainly, this seems to be the 
case on many dairy farms. There is obviously a need for improving the 
utilization of this important source of plant nutrients and organic mat¬ 
ter. It may well be, therefore, that improvements in manure utilization 
will contribute substantially to improvements in fertility. 

Quantitative estimates of the influence of erosion on phosphorus 
fertility have not been presented. The losses have been large; there is 
no doubt about that. During the last 15 to 20 years such losses have 
certainly been substantially reduced. Concerted efforts for better soil 
and water conservation and management are being reflected in im¬ 
proved phosphorus fertility, as well as in improved soil fertility and 
crop production generally. 

A consideration of trends in the major soil management practices, 
therefore, indicates that the trend of phosphorus fertility in U. S. soils 
devoted to crop production is probably upward, marked by a steady and 
substantial improvement, especially if 1955 goals for phosphorus ferti- 
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lizer production and use are attained. This improvement, however, 
may not be taking place in all sections of the United States. Some areas 
may be steadily declining in fertility, others improving rapidly. Re¬ 
gional and state differences are indicated in Fig. 2, which shows the 
balance between additions and removal of P 2 0 5 on cropland for 1947. 
The Eastern and Southern States show large positive balances. The 
balance in the East North Central States is positive but smaller. In the 



Fig. 2. Relation between phosphorus removed from the soil by harvested crops 
and that applied in fertilizers and manures. 


Great Plains, from Texas to North Dakota, additions are only about 20 
per cent of phosphorus removals by cropping. 

Regional trends are also indicated by the data of Table IX. It is evi¬ 
dent that for at least 30 years, New England and the Middle Atlantic 
and South Atlantic Regions have had a very favorable phosphorus 
balance on cropland if losses by erosion are not included. The East 
North Central and East South Central Regions had a small positive 
balance in 1920. It increased in 1947 and will be sufficiently large if 
1955 goals are made to insure marked improvement in phosphorus fer¬ 
tility over a period of several years. Phosphorus additions in three re¬ 
gions—West North Central, West South Central, and Pacific Coast— 
were substantially lower than phosphorus removal in harvested crops in 
1920 and 1947. The 1955 goals, however, provide for a small positive 
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5 . precipi.R.ion .v.il.bl. for crop product ,s on. 
of the more important. 

TABLE IX 

PrR Cent of Phosphorus Removed in Harvested Crops that » 
Ebt,mated Per Cen Re[>laced by Fert , UZE r and Manure- 


Region 


New England 
Middle Atlantic 
South Atlantic 
East North Central 
East South Central 
West North Central 
West South Central 
Mountain 
Pacific 

Continental U. S. 


1920 

m? 

1956 

816.6 

364.7 

408.2 

<81.4 

350.2 

470.4 

682.8 

544.0 

676.7 

142.0 

216.0 

366.4 

126.8 

266.3 

403.3 

41.1 

51.1 

105.0 

19.0 

65.4 

173.8 

128.3 

74.2 

108.4 

54.9 

90.9 

144.8 

124.4 

152.7 

245.6 


• See Table VIII for b«is of estimate*. 

i5S5H» p- - - «■? 

rSoo "r“ of pas.„e otte ,ha„ cropland and wcodtRnd (Um.ad 

S. Bureau of Census, 1947). Much of this land is in the Westvchere 
,pr is the limiting factor, and, therefore, returns from fertilizers 
2S be small and uncertain. There arc, however. 30 126,000 acres of 
cropland pasture and 72,221,000 acres of other nonwoodland pasture m 
the 31 states of the humid region. This compares with 183,864,000 acres 

of harvested cropland in the same states. , ,, . 

Phosphorus removal by grazing of noncropland has probably been 
small; often erosion is more important. For the most part the phos¬ 
phorus status of noncropland is probably somewhat lower than that of 
virgin soil. There are tens of millions of acres of pasture in the nunud 
regions of the United States on which production is low and limited by 
reason of lack of available phosphorus. No substantial improvement m 
production on such lands can be secured without the additions of phos¬ 
phorus. Usually this will require an initial application of 100 to 300 
pounds of P 2 0 5 per acre and smaller additions for maintenance. Gen¬ 
erally, additions of lime and potash are also required. 
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Probably the most reliable method of following fertility trends is 
the analysis of representative soils at 5- or 10-year intervals. Such data 
are limited. There are, however, considerable data on virgin and culti¬ 
vated soils. As previously indicated, those data show large accumula¬ 
tions of available phosphorus where there have been substantial addi¬ 
tions of manure and phosphorus fertilizers but only small to moderate 
changes due to cropping. 

State soil-testing laboratories provide useful data on trends in soil 
fertility, especially when the data are studied in relation to other in¬ 
formation on soils, crops, and fertilizer practices. Such data for North 
Carohna (Welch and Nelson, 1951) are given in Table X. The crops 

TABLE X 

Level of Phosphorus Use, Soil Tests, and Returns from Increased 
__ Phosphorus Fertilization by Crops in North Carolina 

Soils testing^ 


Crop 

PtO b used, 
pounds/ 
acre 0 

Very low 
or low in 
phosphorus, 
per cent 

Very high 
or high in 
phosphorus, 
per cent 

Potatoes 

120 

13 

84 

Tobacco 

115 

11 

82 


55 

20 

81 

Corn 

27 

40 

43 

Pasture 

19 

76 

16 

Hay 

1 

66 

24 


• Data of National Soil and Fertilizer Research Committee (1951). 

* Data of Welch and Nelson (1951). 


/ ncrease from 
additional 

40 pounds, a Acreage, 

per cent 1000 acres 0 


0 

0 

4 

7 

48 

82 


61 

619 

860 

2159 

1577 

1205 


are listed in the order of the level of phosphorus fertilization. The level 
of available phosphorus in soil samples taken from fields to be planted 
to these crops correlates with the rate of fertilization. Only 12 per cent 
of the samples from potatoes and tobacco fields are very low or low in 
phosphorus. Eighty per cent of the samples tested high or very high. 
The estimated return from an additional 40 pounds of P 2 O a per acre is 
zero. As a matter of fact, it is estimated that a 25 per cent reduction in 
the use of phosphorus would reduce the yield of potatoes only 2 per 
cent and the yield of tobacco less than 1 per cent (National Soil and 
Fertilizer Research Committee, 1951). Phosphorus fertilization of cot¬ 
ton and corn is substantially lower, as is the level of soil phosphorus in 
cotton and corn fields. The estimated return from additional phosphorus 
is larger but still relatively small. The soil samples from pasture and 
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Hay ore^o/the' soil ^samples^ were v^ery To^or^low^^^vailable phos- 
phorus^Here^additional phosphor^j^es^large ^ U ^* stern States de . 

The trend of phosp oru ^ ^ ated . Unless they are fertilized 
pends largely on whethe ^ J osphorus fertility on cropping, 

or manured, irrigated sol removed The dec line may be 

especially when large cr °P cited data from Nebraska and Mon- 

severe, as indicated y p hand near i y a ll the manure and phos- 

tana experiments. On th h ^ ^ appl f ed t0 irrigated land. Very 

phorus fertilizer used except in the limited humid areas of 

little is used on nomrr,gated landexcepti, ^ ^ ^ plains States . 

the Pacific Coast and m phosphorus fertility is more 

° n irrigated in } erred from the data of Table IX or from 

f F T g °f Unf a oLna g tely, there are not enough soil analysis data to 

and additions for dry-land soils 

,. Th t ' nmbable decline in phosphorus fertility. Recent analytical 
indicate a . P rob *° f ” arioi X cropped plots from 13 field stations 
data for virg. a matter of fact, there is apparently 

d° ” of available phosphorus on cultivated but unmanured 

ZTU such data are confirmed by subsequent investigations, the 
£5 in phosphorus fertility would be much more favorable than is 

indicated by the data of Fig. 2 and Table IX. 

V. Phosphorus Requirements 

The use of phosphorus fertilizers in the United States should be 
at aWel that will assure the efficient production of the desired volume 
o crops and also steadily improve the level of available phosphorxis 
soih deficient in that nutrient. The rate of phosphorus fertilization 
required for good production will depend on the phosphorus status o 
tbe soil and the degree to which other factors, including nutrients and 
water are limiting yields. Desirable levels may be estimated from farm 
practice, soil analysis, field experiments, and the experience of other 

'““Experience in the East and South indicates that when potatoes, 
tobacco, and other crops are fertilized with 75 pounds or more of P : U 5 
per acre, there is a large accumulation of available phosphorus in the 
soil and returns from continued phosphorus fertilization become small. 
A 1938 survey (Smalley et ai, 1939) indicated that the average rate 
of fertilization of cotton in North Carolina was 436 pounds of complete 
fertilizer, which probably contained 36 pounds of P 2 0 5 . The rate of 
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fertilization increased to 55 pounds of P 2 0 3 per acre in 1950 (National 
Soil and Fertilizer Research Committee, 1951). These rates have re¬ 
sulted in a large accumulation of available phosphorus, as indicated 
by the data given in Table X. 

The Illinois Agricultural Experiment Station (1949) used the data 
of county soil laboratories along with extensive field experiments as a 
basis for estimating phosphorus requirements. The summary for the 
states indicates that 16,162,00 acres of cropland out of a total of 25,- 
133,000 acres are deficient in available phosphorus. It is estimated that 
158,800 tons of P 2 0 : , in superphosphate or its equivalent are needed 
annually to correct this deficiency and improve fertility as well as 
crop production. This is equivalent to 13 pounds P 2 0 5 per acre of 
cropland in Illinois or 20 pounds P 2 O s per acre of cropland deficient 
in phosphorus. 

The long-time fertilizer and rotation experiment of the Pennsyl¬ 
vania Agricultural Experiment Station (Noll et al. 7 1931) received 24 
pounds of available P 2 O s per acre annually. Fifty-year average yields 
on the limed plots were: 50 bushels corn, 57 bushels oats, 29 bushels 
wheat, and 1.7 tons hay. In the Ohio five-year rotation experiment, 
superphosphate was applied at the rate of 15.5 pounds of P 2 0 5 per acre 
annually. Yields on the limed plots were similar to those reported from 
Pennsylvania. Other Ohio data (Ohio Agricultural Experiment Sta¬ 
tion, 1951) indicate that in grain-hay rotations there is little or no re¬ 
turn from applying more than twice as much phosphorus as is removed 
by the crop. At three locations high yields were obtained from annual 
applications of 26, 30, and 38 pounds of available P 2 O s per acre. These 
data were obtained on soils that furnish 15 to 20 pounds of P 2 0 5 per 
acre to unfertilized crops. 

In many of the experiments of the Illinois Station (Bauer, 1945), 
4 tons of rock phosphate per acre were applied prior to 1924, with no 
subsequent applications. This is an average of 60 pounds of total P 2 0 5 
per acre per year for a 40-year period. The plots so treated are still 
producing well, indicating a good level of available phosphorus. In 
1924 the Illinois Station initiated experiments with superphosphate 
applied at an annual rate of 33 pounds of P..O-, per acre. On limed land 
the superphosphate produced somewhat larger yields than rock phos¬ 
phate at the higher rates. Volk (1945) found that during an initial 
5-year period, 30 pounds of available P 2 0 5 per acre applied annually to 
cotton produced about 75 per cent of the maximum increases obtained 
from phosphorus and resulted in substantial improvement in available 
phosphorus in the soil, as evidenced by residual effects which persisted 
over a 9-year period, the duration of the experiment. It may be con- 
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f=Tbov”aver.ge crop produc.ion and .ubs«„.i.l .oil improve- 

of fertilizer PA per acre i. similar to the 
„,e of phosphorus lenihz.uon in several European countnes m 1950- 

(SK?-* grazing,. Hr. corresponding 

« m,2i“ SitESE322 S. 46 pounds 
32 P ° the hLhest of any nation in the world. Bruin et al. (1951) 

and vSer C 1952) indicated that the levels of phosphorus fertility of 
Netherland soils have been increased to the point that the use of more 
phosphorus would not increase yields more than 1 or 2 per cent. Euro- 
nean experience, therefore, indicates that the annual use of around 30 
pounds of fertilizer PA, will give high yields and that the max,mum 
economic rate may be 50 pounds, or somewhat less In evaluating Euro- 
oean data, it should be remembered that erosion losses are lower than 
the United States and that manure preservation and use are better 

than in most regions of the United States. 

The National Soil and Fertilizer Research Committee (1951) has 
summarized data on the response of crops to nitrogen, phosphorus, an 
notash fertilization in each state. The response indicated for each of 
[he nutrient elements assumes that the other two elements are not limit- 
me yields. This results in greater estimated returns from phosphorus 
than would be achieved in practice. The U. S. summary gives t e 
weighted average change of crop values at different levels of phosphorus 
fertilization. The current average rate of 9 pounds per acre is based on 
an acreage of 561,000,000 acres. The returns from phosphorus ferti¬ 
lization are shown in Fig. 3, which also indicates current levels and 
1955 goals of phosphorus fertilization. The data indicate a return ot 
$4 28 per dollar invested in phosphorus fertilizer, 5 cents per pound o 
PA, at current levels of use. The 1950-1955 increment would give a 
return of $2.56 and a similar additional increment would give a return 
of $1.45 per dollar invested. It would appear, therefore, that the 1955 
goals are near the maximum economical rate of phosphorus fertilization 

at current crop and fertilizer prices. 

These data, however, are based on a uniform percentage increase 
in phosphorus fertilization of all crops currently fertilized. Obviously, 
the return would be substantially better if the additional phosphorus 
were used on the more phosphorus-deficient soils and on crops most re- 
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sponsive to phosphorus fertilization. Such selective use of the additional 
phosphorus fertilizer would, in large measure, result in most of it being 
used on relatively low-per-acre-value crops. This would tend to hold 
dollar returns low even though the physical return might be high. 

The levels of phosphorus use in 1950 and goals for 1955 are given by 
regions in Table XI. The average rates are for total cropland, which 
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Rate of P 2 0 5 fertilization, lbs. per acre 

Fig. 3. Average value of phosphorus response for all crops in the United States. 

includes 47,449,000 acres of cropland pastures and 50,379,000 acres 
from which crops were not harvested. No allowance, however, is made 
for phosphorus use on the 481,000,000 acres of “pasture other than crop¬ 
land and woodland.” The data show that the three regions adjacent to 
the Atlantic and Gulf Coasts were using 25 to 30 pounds of P 2 0 5 per 
acre from fertilizer and total applications of 30 to 43 pounds in 1950. 
The estimated levels of use in 1955 are 29 to 44 pounds of fertilizer 
P 2 0 5 and 39 to 59 pounds of total P 2 0 5 . In these three regions the 
projected level of fertilizer use approaches that of The Netherlands. 
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TABLE XI 

Estimated Rates of Phosphoris Fertilization on Ckoim.anu" 


P.Ot, per acre from 


Region 


Fertilizers, pounds 

Fertilizers and 

manure, pounds 

I960 

1955* 

1950 

1955* 

45.0 

49.0 

37.9 

43.4 

49.8 

44.0 

43.4 

59.0 

49 4 

38.8 

30.0 

39.5 

16.8 

30.1 

45 7 

39.9 

19.4 

43.6 

19.9 

44.4 

3.5 

6.4 

5.9 

8.8 

5.9 

10.5 

6.1 

10.8 

4.8 

5.4 

7.1 

10.4 

7.4 

11.9 

9.4 

14.4 

10.8 

16.8 

14.3 

40.7 


New England 
Middle Atlantic 
South Atlantic 
East North Central 
East South Central 
West North Central 
West South Central 
Mountain 
pacific 

Continental U. S. 


7u s Census, IMS: Cropl.n.i l Mr ve...d ^.865.705 crop failure .ere,. cropUnd idle or 

# 40 082 105 acres, and cropland used only for pasture 47.449.184 acres. 

\ Based on estimated regnal consumption of 1955 phosphorus fert.luer product.on goals. 

The two East Central Regions used 17 and 19 pounds of fertilizer 
p o, in 1950, with manure making a total application of 20 to 2 
nounds Estimates for 1955 are for 24 and 30 pounds of fertilizer and 24 
and 40 pounds of total P 2 0 5 per acre. The relatively low values for the 
East South Central Region are due, in part, to the fact that the soils of 
three important agricultural areas, the Bluegrass Region of Kentucky, 
the Central Basin of Tennessee, West Tennessee and the Delta of the 
Mississippi, are relatively high in available phosphorus. In the four 
Western Regions the current level of fertilizer use is less than 10 pounds 
per acre including manure, with an estimated 1955 application of 9 to 
14 pounds per acre. All four of these regions included very large acre¬ 
ages of dry land, where the general need for phosphorus fertilizer has 

not been clearly established. 

Experimental data on crop response to phosphates and the experi¬ 
ence of the older fertilizer-consuming states and that of other countries 
indicate that the 1955 goals for phosphorus fertilizer consumption are 
adequate for our crop production goals and for improvement in the 
phosphorus fertility of our soils. Requirements would be increased sub¬ 
stantially if the profitable use of phosphates were demonstrated on the 
dry-land soils of the West or if an extensive acreage of pasture were to 
be improved in a short time. The 3,785,000 tons of P 2 0 5 in fertilizers, 
however, would be adequate for a considerable percentage increase in 
the proportion of phosphorus fertilizer used on grassland crops, espe- 
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cially on the 47,449,000 acres of cropland pasture. They would not 
be adequate for a rapid and extensive improvement in pasture produc¬ 
tion on the 481,000,000 acres of “pasture other than cropland and 
woodland,” of which 72,000,000 acres are in the 31 states of the humid 
region. With those two qualifications, it would appear that the annual 
use of 3,785,000 tons of fertilizer P 2 0 5 plus 876,000 tons of P 2 0 5 in 
manure would be adequate for crop production and soil improvement 
or a considerable period. This assumes a very efficient distribution of 
use on soils and crops. Actually, such an efficient distribution will not 
be obtained. Some fertile soils and high-per-acre-value crops will re- 
ceive more phosphorus than is required, thereby reducing the quantity 
available for use on other soils and crops. It may well be, therefore, 
that the requirement for fertilizer P 2 0 5 in the United States may exceed 

the 1955 goal bt' 500,000 to 1,000,000 tons within the next 10 to 
15 years. 
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Chapter XIV 

Factors Influencing Phosphate Usage in Great Britain 

A. B. STEWART 


|. Land Utilization and Fertilizer Consumption in Great Britain 


i. Land Utilization 


In any discussion of problems of soil fertility and crop production 
on a regional or area basis, existing land utilization is a pnmary back- 
eround consideration. Table I shows in broad outline how the 93,000 
square miles of land surface of Britain are at present utilized. 


T'AWI.F. I 


Land Utilization in Great Britain 


(Land classes as percentages of total land areas) 



England 
and Wales 

Scotland 

Northern 

Ireland 

U nited 
Kingdom 

Area in acres 

37,131,675 

19,069,000 

3,354,251 

59,554,946 

Rough grazings, including 
mountain and health 

14.6 

57.4 

21.4 

48.7 


Total crops and grass 
Permanent grass 
Total arable, including: 
Tillage 

Rotation grass for hay 
Rotation grass for 
grazing 


05.6 

48.1 

37.5 

47.5 

6.4 

SO 


43.1 

6.2 

16.9 

9.3 

4.1 

5.5 


67.4 

31.1 
36 3 

19.1 

6.7 

10.5 


54.1 

41.3 

30.8 

41.4 

5.0 

4.6 


The rough grazings referred to in the first category include all the 
mountain and heath lands described, euphemistically in many cases, as 
used or capable of being used as grazings. They include scree slopes on 
the mountains, several million acres of peat of widely varying depth, 
and for the rest, a varying depth of raw humus overlying a scanty 
layer of mineral soil. Depending on climate, soil, and drainage, this 
land carries an inferior vegetation of the common moorland species 
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—Scirpus, Eriophoruni, Molinia, Calluna, Erica, Juncus, Nardus, etc., 
with the more nutritive agrostis, fescues, sweet vernal, and other grasses 
on the better mineral areas. It will be seen that this class of land is 
particularly extensive in Scotland, where the total under crops and 
grass is less than one quarter of the land area, as contrasted with about 
two-thirds in the remainder of the British Isles and about one half in 
the British Isles as a whole. Further it will be noted that the area classed 
as agricultural land amounts to about 80 per cent of the land surface, 
the balance being accounted for by forests, built-up areas, roads, etc. 

The mountain and heath areas are nonplowable and markedly de¬ 
ficient in most nutrients, notably calcium and phosphorus. Even so, 
they can normally carry in summer more stock than can be fed off the 
lower ground during the winter months. The problems of improving 
such land are in the first place economic rather than technical, and 
cannot be divorced from the broad problem of utilizing to the best ad¬ 
vantage the total supplies of fertilizers available for all classes of land. 
In New Zealand, spectacular improvements in the grazing value of 
many hill areas have resulted from the application of phosphate by 
aerial top dressing and other methods; even so, their experience has 
been that the application of phosphate to areas where clovers and other 
legumes are absent is usually a futile w r aste (Callaghan, 1950). Such 
problems of the improvement of mountain and heathland in Britain are 
being investigated, but for present purposes it will be more profitable to 
confine attention to the arable and grassland areas on which fertilizers 
are regularly used. 

Of the total area devoted to crops and grass in Great Britain, about 
60 per cent is in the arable and 40 per cent in the permanent grass 
category, and about two-thirds of the arable acreage is normally under 
tillage crops. Between 1939 and 1946 about 6 million acres of perma¬ 
nent grass were converted to arable production. Table II gives for a few 
of the principal crops grown in Britain estimated average yields per 
acre for the three years 1947 (a drought year), 1948, and 1949, and 
for the ten-year period 1930-1939. 

These average yield data suffer from the disadvantage that they are 
the estimated means of high acreage outputs from the good loams and 
clays of the eastern half of the country and the relatively low outputs 
of the climatically less favored and often shallow soils of the marginal 
and upland districts. They serve, however, to illustrate the over-all pro¬ 
duction pictures prewar and postwar, and to underline the ultimate 
dependence of yield on some limiting factor beyond the control of the 
farmer, as, for instance, the effect of low rainfall on most crops in 1947. 
Even in a volume such as this which is primarily concerned with phos- 
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TABLE II 

Kstimated Aveuaoe Yields of the Principal Crops in Britain 


Crop 


Wheat (grain) 

Barley (grain) 

Oats (grain) 

Potatoes 

Turnips and swedes 
Mangolds 

Sugar beet (washed roots) 


Seeds hay 
Meadow hay 


Average yields per acre 


191,7 

Cwt • 

Bushels* 

15.4 

28.7 

15.7 

36.6 

15.2 

53.2 

116 

217 

256 

478 

320 

597 

152 

284 


Tons 1 

28.0 

1.57 

21.3 

1.19 


Cwt. 


20.7 
19.5 

17.8 
152 
294 
422 
210 


29.2 

22.0 


91,8 

19/,9 

10 years 
1930-1939 

Bushels 

Cwt. 

Bushels 

Cwt. 

Bushels 

38.6 

22.5 

42.0 

17.9 

33.4 

45.5 

20.7 

48.3 

16.4 

38.3 

62.3 

18.4 

64.4 

16.2 

56.7 

284 

138 

258 

134 

250 

549 

286 

534 

264 

493 

788 

390 

728 

365 

681 

392 

190 

355 

176 

329 

Tons 


Tons 


Tons 

1.64 

29.9 

1.67 

28.3 

1.58 

1.23 

21.2 

1.19 

21.0 

1.18 


:L"w: q 'u“.tu calculated „n the loLcin* b„U: lb. wbet. 4S lb. Urlcy. 3* lb. «... .nd 60 lb. 

each for potatoes turnip*, mangolds. and sugar beet. 

« 1 ton = *00° h>* 

nhorus it is perhaps not superfluous to remind ourselves of the impor¬ 
tance of limiting factors and of the interaction effects of growth factors 
in both practical and experimental agriculture. 


2. Fertilizer Consumption 

Interaction effects are, of course, of recognized importance in the 
field of plant nutrition, and the problems of phosphorus consumption 
and utilization are closely linked with those of nitrogen, potassium, and 
other nutrients. A fair comparison of the agricultural utilization of 
fertilizers on any regional basis is possible only when the total quantities 
consumed are related to the respective areas of land on which they are 
used. An indication of developments and trends in the use of fertilizers 
in Great Britain is given by the figures in Table III (Crowther, 1948). 

The figures in Table III show that the main differences between 
prewar and postwar use of fertilizers in Britain are a doubling of the 
rate of application of nitrogen and a 50 per cent increase in the rate of 
application of phosphate. The low potassium figure for 1941 is a re¬ 
flection of wartime supply difficulties: it should, however, also be noted 
that, since 1947, there has been a sharp rise in potassium consumption 
to the 20 pounds per acre level. As in other parts of the world, the ratio 
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TABLE III 

Average Rate of Fertilizer Applications in Britain 



Pounds per arable 

acre 

Plant food ratios 

AT 

p t o. 

K 2 0 

N 

PtO, 

K z () 

1939 

10.1 

29.1 

13.4 

1.0 

4.9 

1 3 

1941 

17.9 

34.5 

6.7 

1.0 

1 .8 

0 4 

1947 

40.4 

44.6 

14.6 

1.0 

4 1 

0.7 


111 1C f * e var * ous plant foods are applied in fertilizers is partly the 
resu t o the application of experimental findings to farming practice, 
partly a reflection of raw material resources, and partly a natural corol¬ 
lary of the system of farming practiced most widely. In British farming, 
lor instance, the keeping of livestock and the application of farmyard 
manure to the land are traditional. The potassium status of the ex¬ 
tensively occurring, pedologically immature, glacial drift soils is reason¬ 
ably satisfactory, particularly in contrast to a relatively low natural 
phosphorus status. Consideration of these factors leads to the conclusion 
that, with such obvious exceptions as texturally light or calcareous soils 
and areas of intensive crop production, a plant food ratio in fertilizers 
of 1:2:1 is probably a fair indication of the national average require¬ 
ment. One further consideration of special importance to all phosphorus 
fertilization problems is that of calcium status. Despite a marked inten¬ 
sification of liming in the past fifteen years, the great majority of British 
soils still fall into the too acid or lime-deficient category. 

As in other parts of the world, there has also been considerable 
discussion in Britain on the question of whether farmers should pur¬ 
chase their fertilizers as “straights” or as “mixtures or compounds.” 
Before World War II the farmer had the choice of a confusingly ex¬ 
cessive number of “compounds.” Although the war did much to hasten 
the standardization of fertilizer mixtures and to focus attention on the 
special needs of individual soils and crops, the average British farmer, 
unlike his Danish counterpart, who thinks mainly in terms of straight 
fertilizers, is still “compound” conscious; he regards the use of NPK 
mixtures both as an important labor-saving device and as an insurance 
premium against the risk of general nutrient deficiency. At present, 
some two-thirds of the fertilizers used are in the form of compounds. 
Of the total phosphate used in the country by far the greatest propor¬ 
tion (over 60 per cent) is in the form of superphosphate, with basic 
slag and ground mineral phosphate constituting the bulk of the remain¬ 
der. The superphosphate commonly produced is one containing the 
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;w"“e n fotal 0 production of superphosphate wo, 1.13 nuil.on tons 
1L. three tint* £*•*£•_«££ te — 
basic s ag * K j , | n 0 f '‘compounds" rose from 650,000 tons 
rS r 8-;«r.o b/rnfmon ton. in IWM949 (Commonwealth Ecc 
nomic Committee, 1950). 

il. Efficiency of Applied Phosphate 

1. Order of Response to Phosphorus in Field Experiments 

The influence of climate, farmyard manure supplies, and various 
other factors affecting response to fertilizers have been summarized by 
Crowther and Yates (1941) and by Crowther ( 1948 ), m most valuable 
publications covering the results of all the principal field experiments 
carried out in Great Britain during the present century. 

Weather conditions, especially rainfall, have an unportant influence 
on the fertilizer requirements of soils and crops. High rainfall favors 
vegetative growth, delays ripening, and so reduces the need for nitrogen 
supplements. To hasten ripening more phosphate is necessary, and extra 
phosphate is also needed against the fact that the leaching rate a lune 
fs greater in the soils of high-rainfall areas. Crowther and Yates (1941) 
chow for instance, that average responses to phosphate in the south 
and east of England are only about two-thirds those in central and 
north England. In Scotland, Wales, and the west of England, on the 
other hand, average responses to phosphate are about 1% times as great 
as those in central and north England. Pedological and temperature 
differences are of course operative over these regions, but broadly these 
differences in average response correspond to differences in annua 
rainfall ranging from some 25 inches (640 mm.) in southeast England 
to such figures as 30 inches on the east coast of Scotland and rising to 
from 60 to 70 and over in the wetter western regions. Generally the 
rainfall in Britain is more or iess evenly distributed throughout the year. 

Another finding, to which attention was drawn by Crowther and 
Yates and which rather surprised most British farmers, concerns the 
effect of dressings of farmyard manure on fertilizer response. Average 
results from the analyses of large numbers of samples indicate that 10 
tons dung will contain about 110 pounds N, 55 pounds P : Oj, and 110 
pounds K ; 0. The fertilizer value of dung cannot, however, be regarded 
as equivalent to fertilizers supplying these amounts of plant food. 
Contrary to widespread belief in Britain, the application of dung does 
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not materially affect the need for nitrogen. It does, however, reduce by 
about one half the response to phosphate and by about two-thirds the 
response to potash normally obtained on undunged land of average 
fertility. This finding, when related to average crop response data, im- 
phes that in the presence of a 10-ton dressing of farmyard manure, 
fertilizer dressings should be reduced by the equivalent of about 45 
pounds P 2 0 5 and 65 pounds K 2 0 (Crowther, 1948). These negative 
interaction effects between dung and phosphate and dung and potash 
are of obvious importance in practical agriculture. Although it would 
be interesting to pursue in greater detail both the theoretical and the 
practical implications of these results, for present purposes we merely 
note the finding as being an integral part of the general picture of ferti¬ 
lizer response in Great Britain. 

Of the crops commonly grown in Britain, swedes and turnips are 
relatively the most responsive to phosphate. Swedes, for instance, show 
average responses of the order of 20 per cent increase in yield in the 
southeast of England and 50 per cent and over in the north of Scotland. 
Potatoes and mangolds come next, and sugar beet is generally the least 
responsive to phosphate of the common root crops. Cereals usually give 
small percentage responses to phosphate except in markedly deficient 
soils; but grasses and clovers respond markedly, and, in cereal crops 
which are being undersown with grass and clover seeds, the practice 
commonly adopted for pasture establishment, the emphasis is, of course, 
on meeting the requirements of the undersown crop. 

2. Relative Effectiveness of Phosphate in Different Forms 

The soils of the major part of the British Isles north of the Thames 
valley have been derived in the main from glacial drifts of widely vary- 
ing geological composition. Most of our Macaulay Institute work, for 
instance, has been done on soils from such diverse parent material 
groups as Acid Igneous, Medium and Basic Igneous, Medium and 
Basic Sedimentary, Acidic Sedimentary, Water-Sorted Sediments, and 
Siliceous Deposits. The great majority of these soils are acid with pH 
values 5 to 5.5 and exchangeable calcium contents of the order of 4 to 5 
m.e. per 100 grams. On these soils the order of the response to phos¬ 
phate commonly obtained with a phosphate-responsive crop, turnips 
or swedes, as judged by the mean yields obtained in numerous field 
experiments carried out in recent years, is briefly as follows: At the 
10 ton per acre level of yield in the absence of phosphate, the average 
responses to superphosphate in the absence of dung are 5, 7, and 8 tons 
roots per acre from dressings of 40, 80, and 120 pounds P 2 0 5 respec¬ 
tively. Farmyard manure has the effects (1) of raising the mean yield 
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in the absence of phosphate from about 10 to 16 tons roots per acre, 
JTofof reducing by about half the above average responses. 

During the pasf ten to twelve years, we have included in our field 
experiment program most of the phosphates in common use and several 
f ^more recent experimental products, e.g., various high-temperature 
l^hates including silicophosphate, T.V.A. calcium metaphosphate 
P *♦ rtnVm<;nhate reverted superphosphates, and phosphates in 

Wiiul/.nd' B e,,h (1948) Have s ™- 

granular an P considerable number of field and pot expen- 

mar,ZC 5? s,?eh materials and the implications of these and other 
™!ults have been discussed in subsequent publications (Stewart, 1950; 
S« SrWilliams, 1951; Reith, 1951). During the war years, 
the British Ministry of Supply sponsored a joint invest.gation by the 
Building Research Station and the Rothamsted Experimental Station 
on the production and agricultural value of silicophosphate fertilizers, 
but so far the results of this work have been issued only in a publica¬ 
tion under Crown Copyright (Monograph 11.108, January 1951). This 
investigation was concerned primarily with the possibility of making 
nhosphatic fertilizers by high-temperature processes not requiring the 
use of sulfuric acid. The initial experiments were based on the German 
Rhenania phosphate—a mixture of dicalcium sodium phosphate (2CaO, 
Na,0 P .O;,) and dicalcium silicate (2CaO, Si0 2 ). /<fwo . 

In the experiments described by Williams and Reith (1948) 
there are no striking or consistent differences in the effectiveness of the 
different phosphates other than mineral phosphate, calcium metaphos- 
nhate and Semsol (a superphosphate-mineral phosphate mixture); the 
latter’forms tended to be generally inferior, although frequently effec¬ 
tive on turnips and swedes but not on potatoes. With grasses and clovers 
in pasture reseeding experiments, similar results to those for turnips 
and swedes were obtained. 

From these and other current experiments on such responsive crops 
as turnips, swedes, and pasture, our broad conclusion is that phosphorus 
fertilizers having 70 per cent or more of their phosphorus soluble m 
2 per cent citric acid are as effective as superphosphate in acid soils. 
This group includes dicalcium phosphate, disodium phosphate, various 
high-teperature phosphates of the silicophosphate type described by 
Crowther and Lea (1946), reverted superphosphates, ammoniated 
superphosphate, steamed bone flour, and basic slag. From both the 
Rothamsted and the Macaulay work, the general indications are that 
basic materials such as silicophosphates and basic slags are likely to be 
at least equally as effective as superphosphate on acid soils and slightly 
less effective than superphosphate on neutral soils. For practical pur- 
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poses we regard silicophosphates as being closely akin to basic slags of 
High citric acid solubility. Such phosphorus compounds as ground 
mineral phosphate, bone meal, coprolite, calcium metaphosphate, and 
others in the general group of those having appreciably less than 70 per 
cent of their phosphorus soluble in citric acid, are usually less effective 
than superphosphate. On turnips, swedes, and pasture, especially on 
acid soils, the differences are normally small, of the order of 5 per cent, 
but, with potatoes, it is our experience that all forms of phosphate of 
low citric acid solubility are relatively ineffective. 

These observations apply primarily to the first-year or immediate 
effects of the various phosphorus supplements. Unfortunately there 
ave been relatively few field experiments designed to measure accu¬ 
rately the residual effects of earlier dressings. It is our general experi¬ 
ence, however, that a phosphate which has been inferior in immediate 
effects has also remained inferior in its residual effects. This has been 
well established, for instance, with basic slags, for which the citric acid 
solubility test is a sound criterion of fertilizer value. Basic slags of low 
citric acid solubility have, practically without exception, been inferior 
to those of high citric acid solubility both in immediate and residual 
effects. 

The results of these British experiments with different forms of 
phosphate can usefully be considered from two viewpoints. On the one 
hand, we can regard the results as being in the nature of a worthy testi¬ 
monial to superphosphate, leading to the broad conclusion that no other 
form of phosphate is consistently superior. Hence the greatest compli¬ 
ment which we might pay to a phosphatic fertilizer is to say that it 
appears to be as good as superphosphate. It may be, of course, that some 
of the virtue of superphosphate is due to the calcium sulfate which it 
contains and which undoubtedly influences the physical properties of 
the product. Indeed the absence of obvious signs of sulfur shortage in 
British arable soils may well be due in some measure to widespread 
use of superphosphate and incidental application of calcium sulfate. 
Even so, it is clear that water solubility of phosphate is a good criterion 
of fertilizer value. But, in contrast to this, it is equally true to say that 
there are many forms of phosphate which are not water-soluble but 
which are nevertheless of high fertilizer value. In this particular respect, 
therefore, the British regulations governing the sale of fertilizers (Ferti¬ 
lizers and Feeding Stuffs Act 1926), according to which a phosphate is 
either “water-soluble” or “insoluble,” have outlived their usefulness. 
The authorities in Britain are meantime giving very serious considera¬ 
tion to the problem of amending these particular regulations. In this 
general connection considerable interest naturally attaches to the am- 
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• traf . and other methods of evaluating phosphorus fertilizers 
““h™ “Eg u"*,' Z Th. Un.lod s«,«. A, already .ndiclcd, Bri.Uh 
Experience has been that solubility in 2 per cent c.tnc acid is a very 
S method of assessing the phosphorus value of a considerable range 

° f rtdWon^exPiments on different chemical forms of phos^ 
chorus a certain amount of field work has also been undertaken with 
nhosphatic and other fertilizers in granular and powdered forms. The 
amount of experimental work as yet undertaken on this subject in 
Britain is insufficient to permit firm conclusions to be drawn; in par- 
Liar, further experiments are required covering a wider range of 
particle size. In the light of present knowledge, the position is ade- 
Lately summarized in the recent summary report by Sherman and 
Hardestv (1950). From the experiments which we have cained out so 
far all that we can say is that phosphates in granular form are at least 
as effective as those in powder form. In many of the experiments the 
trend has been in favor of the granular products, but we have not had 
results so strikingly in favor of granulation as those reported, for in¬ 
stance from Sweden. Granular products have many obvious advantages 
over powder forms; they are more convenient to store, handle, and 
distribute, and they are specially suitable for drilling, where regularity 
of flow is so important. From the angle of phosphate fixation there are 
of course theoretical considerations in favor of granules, which can be 
penetrated by plant roots but which expose less surface to the soil than 
do powders In Britain probably about two-thirds of the fertilizer mix¬ 
tures used are in granular forms. It is probably fair to say that their 
popularity initially was based mainly on considerations of their superior 
physical condition, and that it was merely strengthened subsequently 
by the finding that they are invariably equal, and sometimes superior, 

to the powder forms. 

3. Phosphate Fixation 


The general problems of fixation and availability emerging from 
our experimental work on the phosphate relationships of soils have been 
outlined in recent publications (Williams, 1949; Williams, 1950). The 
availability to plants of the various phosphorus compounds in a soil 
depends primarily on the concentration of phosphates in the soil solu¬ 
tion over a period of time, i.e., the degree of solubility of the compound 
and the rate at which it dissolves are both of primary importance. The 
actual uptake of phosphate by a plant, and hence availability as re¬ 
flected by the ultimate yield and composition of the crop, depends, how¬ 
ever, on factors other than primary solubility. It depends, for instance. 
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on such factors as the supply and balance of other nutrients and the 
aeration and structure of the soil. Since availability and solubility are 
not synonymous, we prefer to use the word fixation merely as a con¬ 
venient term to denote decrease in solubility, i.e., in the same general 
sense as that outlined by Dean (1949), who has defined fixed phos¬ 
phorus as the soil phosphorus which has become attached to the solid 
phase of soils. The next stage is to try to identify the various ways in 
which conversion to less soluble forms may take place and to dis¬ 
tinguish, for instance, between fixation in forms likely to become 
readily available as a source of plant food as contrasted with fixation in 
difficultly available forms. 

The general problems of the retention of phosphate by soil have 
received the attention of numerous investigators. In a recent review 
Wild (1950), for instance, has summarized the general views expressed 
in no fewer than 162 papers by workers in different parts of the world. 
No attempt will be made, therefore, in the present paper to do more 
than indicate a few general aspects of the problems involved. Williams 
has summarized the main reactions involved in the fixation of phos¬ 
phate by soils under the heads of biological fixation, and physical and 
chemical fixation. Under the latter head come precipitation by iron, 
aluminum, and calcium, and sorption, covering adsorption, absorption, 
and chemisorption and including anion exchange. From one-third to 
one-half of the total phosphate in our ordinary mineral soils is present 
in organic form, but this aspect of the subject, which has been so use¬ 
fully reviewed by Pierre (1948), has been little investigated in Britain. 
Most of our work so far has been concentrated on the inorganic fraction, 
and particularly on rate of fixation and its significance in regard to 
phosphate availability. 

It is very difficult to establish with certainty under field conditions 
the time necessary for more or less complete fixation to take place. From 
the data so far available from field and pot measurements of the avail¬ 
ability of superphosphate residues, supplemented by solubility data 
on rate of fixation in moderately acid soils (Williams and Stewart, 
1943), it appears that there are two main stages in the fixation. In the 
first stage, the superphosphate rapidly loses its identity and the domi¬ 
nant reaction is probably an exchange adsorption. This freshly adsorbed 
phosphate is much less soluble than superphosphate, but it is still an 
effective plant nutrient and, under fallow soil conditions, appears to 
remain so for several months. Secondary physical and chemical changes, 
constituting the second stage, take place in the course of a year in 
cropped soils, and these changes appear to reduce the inherent avail¬ 
ability of the phosphate to plants by as much as 50 per cent. Even so, 
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the residues still appear to be of some value to plants. Comparison of 
the results of field and pot experiments indicates that, in many in¬ 
stances, the low direct residual effects of superphosphate in the field 
may not be entirely attributable to fixation of phosphate in unavailable 
form. Although this is undoubtedly a dominant factor, reduction in the 
positional availability and concentration of the residues is also a factor 
of importance. 

There is still much to be learned about the residual effects of 
phosphorus fertilizers under differing climatic, soil, and cropping con¬ 
ditions. That immediate or first season’s effects of even light dressings 
can often be spectacular and that the direct residual effects of even 
relatively heavy dressings are generally low is fairly common experi¬ 
ence. Williams (1950), for instance, has given the results of a few 
experiments undertaken to measure the residual effects of relatively 
heavy dressings of superphosphate at rates supplying the equivalents 
of approximately 200 pounds and 500 pounds P 2 O s per acre, respec¬ 
tively. The results show that these dressings did have very considerable 
residual effects in the 12- to 24-month period and appreciable residual 
effects in the 24- to 36-month period following application. But the most 
striking feature of the results is the fact that, with phosphate-respon¬ 
sive crops of turnips and swedes, the residues after even only one year 
had much lower fertilizer values than that of a fresh dressing of 600 
to 700 pounds superphosphate per acre applied to the crop. The results 
indicate that the residues of the 500 pound per acre dressings in the 
12- to 24-month period following application are roughly equivalent in 
effect to only 80 to 100 pounds P 2 0 5 applied as a fresh dressing. 

We have little accurate information on the ultimate value over a 
long period of phosphate which has been subjected to fixation, redis¬ 
tribution by cultivation, and aging in the soil. The value of accumu¬ 
lated phosphate residues in practical agriculture will almost certainly 
depend on husbandry systems, on the liming of acid soils, on the main¬ 
tenance of the supplies of other nutrients, and on other factors. There 
appears, for instance, to be some evidence that the application of fresh 
dressings of phosphate may help the plant to utilize phosphate reserves 
in the soil more fully, and there are many instances of positive inter¬ 
action effects between the main nutrients. Recent work, however, in 
Sweden (Eriksson, 1942; Mattson et al. y 1949; Mattson et al ., 1950) 
has shown that salts increase the sorption of phosphate by acid soils and, 
according to the theory developed by Mattson, the resultant effect on 
phosphate uptake by the plant may be either positive or negative, de¬ 
pending on such factors as the cation exchange capacities of the root 
acidoids and the soil colloids, and the salt concentration. The possible 
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importance of such effects in normal practice, however, remains to be 
clarified. 

In the course of our general experimental work on phosphate prob¬ 
lems we have frequently observed that the direct residual effects of 
phosphate dressings are considerably greater in soils derived from Old 
Red Sandstone than in those of granitic origin. We do not know yet why 
this should be so; in our field experiment work on fertilizer problems in 
crop production we are, however, regularly following the plan of locat¬ 
ing our field experiment centers on contrasting soil associations or 
series which have been identified by our soil surveyors. We hope in this 
way gradually to accumulate more accurate information on the inter¬ 
relationships of productivity and soil type and, in particular, on the 
relationship between phosphate availability and fertilizer response 
and soil parent material and other pedological factors. In this particular 
field there are many gaps in our British knowledge. 

These particular aspects of the general problems of phosphate fixa¬ 
tion and availability, and their significance in relation to the immediate 
and residual effects of phosphorus supplements serve to illustrate the 
broad method of approach which we have been adopting in our field, 
pot, and laboratory experiment work. The evaluation of the phosphorus 
status of soils has been discussed by Williams (1952) in a recent review. 
Although much has been done in recent years to clarify understanding 
of the nature, solubility relationships, availability, and extraction of 
different categories of phosphorus, we do not think that conventional 
laboratory methods can yet be expected to give more than a general 
indication of the ability of a soil to meet the phosphorus requirements 
of crops. The field experiment still remains the criterion, and the use¬ 
fulness of individual extraction methods must be judged by the correla¬ 
tion obtained with the results of field experiments covering appropriate 
climatic conditions, soil types, crops, and agricultural practices. More 
recent work on the interrelations of various readily soluble phosphorus 
values and crop responses for different soils indicates, for instance, that 
the value of a particular extractant as diagnostic aid varies with parent 
material and other pedological factors (Williams, Reith, and Inkson, 
1952). 

The phosphorus field is undoubtedly a fruitful one for anyone 
wishing to speculate or theorize. From what has been said with par¬ 
ticular reference to mainly acid soils of glacial drift origin in Britain, 
it will be clear that there are too many gaps in our knowledge of these 
to permit of further useful speculation at this stage. Instead, an attempt 
will be made to point to some of the implications of the work to date in 
British farming practice. 
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4. Rates and Time of Application 

From what has been said on the relative effectiveness of phosphate 
in different forms, it is clear that superphosphate is not easily surpassed 
and that no major increase in the efficiency of applied phosphate is 
likely from the use of such other forms as we have so far tested. This 
does not mean of course that alternative sources of phosphate cannot be 
used to excellent advantage. The point to be underlined is that, in our 
opinion, British agriculture must concentrate on other methods of in¬ 
creasing the effectiveness of all phosphorus supplements, rather than 
sit back and hope for startling benefits to accrue from some entirely 
new form with intrinsically superior properties. It has long been the 
practice of many British farmers to pin their faith on the application of 
single, relatively heavy dressings of phosphate at intervals of a few 
vears, in the general and rather pious hope that they were thereby 
creating a useful working reserve of phosphate in the soil. The number 
of farmers in this category has shown a steady decline in recent years. 
The impact of science on agriculture is undoubtedly responsible for 
this to some extent; but most scientists will agree that the change in 
outlook is probably due in even greater measure to the impact of chang¬ 
ing economic conditions enhancing the raw material value of phos¬ 
phorus, sulfur, and other fertilizer components. We have seen that 
fixation of added phosphate in relatively unavailable forms in the soil 
is much less serious in the first than in the second and subsequent years. 
The law of diminishing returns applies in full measure to the addition 
of phosphorus supplements to the soil, and the steeply rising form of 
the normal phosphorus-response curve is well recognized. The acid 
glacial drift soils so typical of most of Britain are phosphate-responsive 
and, under these conditions, any attempt to build up quickly, by means 
of heavy applications, reserves of phosphate in the soil in the hope that 
they will last for years is fundamentally unsound and uneconomic. The 
frequent or annual application of phosphate according to the respon¬ 
siveness of individual crops, with suitable adjustments for local soil and 
climatic conditions, is undoubtedly the sounder practice. This in essence 
is what we advise our farmers to do. As regards time of application of 
phosphate to tillage crops, the safest plan is to give the dressing just 
ahead of, or at the time of, seeding, so as to reduce to a minimum the 
amount of fixation likely to take place before the young plants are able 
to start using it. From the limited amount of experiment work which 
we have done on the question of time of application of phosphates to 
various crops, our conclusion is that, particularly in texturally heavy 
soils and in soils of low organic matter content, there may be a reduc- 
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tion in efficiency if superphosphate is applied 3 to 4 months ahead of 
seeding. With the less soluble phosphates such as ground mineral phos¬ 
phate, application ahead of seeding is not likely to be disadvantageous 
and, on grassland, application of phosphate in any form is probably 
best undertaken a few months ahead of the commencement of spring 
growth. 

5. Method of Application 

The first superphosphate produced by Lawes at Rothamsted over a 
century ago was applied by placing it in drills or rows along with the 
seed. This appeared to work quite well; however, when Lawes extended 
his work to include nitrogenous fertilizers, he observed that when these 
were placed in bands or rows they frequently had a harmful effect on 
germination. It was this latter observation that really led to the general 
adoption of broadcasting as the standard method of applying fertilizers. 
Although many of our shrewd and imaginative Victorian farmers tried 
out from time to time new ways of applying fertilizers, including such 
ingenious devices as a “3 horse machine sowing 4 drills with a slurry 
of superphosphate which was joined in the delivery spout by a trickle 
of turnip seed” (Cunningham, 1951), the broadcast method held the 
field in Britain more or less unchallenged for a hundred years. 

Wartime conditions made imperative the greatest possible econ¬ 
omies in both materials and labor, and this led to a large volume of 
work being undertaken on methods of fertilizer application. With 
cereals (Crowther, 1945; Stewart and Reith, 1945; Reith, 1952), a crop 
which is not particularly responsive to phosphate, experiments on the 
combine-drilling of fertilizer with the seed, both in the south of England 
and in the north of Scotland, have shown that if superphosphate is 
drilled with the seed, only half as much is required to give the same in¬ 
crease in yield as when the superphosphate is broadcast. From the point 
of view of practical agriculture, this is a far more spectacular and 
promising finding than has emerged from most other work to date on 
means of increasing the effectiveness of applied phosphate. We have, 
of course, had to remind our farmers that equally promising results 
from contact placement have not been obtained with all crops and all 
fertilizers (Stewart, 1949). Under British conditions, germination and 
establishment of cereals may be adversely affected if more than the 
equivalent of about 30 pounds N and 60 pounds K 2 0 per acre are com¬ 
bine-drilled with the seed; but mixtures containing up to these amounts 
are usually more effective combine-drilled than broadcast. 

The Rothamsted and Macaulay work on fertilizer placement has 
been greatly facilitated by close collaboration with the National In- 
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stitute of Agricultural Engineering (Cooke, 1947; Cooke, 1949a), who 
have turned out for us special experimental machines, enabling fer¬ 
tilizers to be placed in different positions relative to the seed (Cooke, 
951 ) Although it is too early yet to give specific alternative recom¬ 
mendations to the customary broadcast method o applying fertilizers 
Tor individual British crops, it is clear from the prehmmary residts that 
£ many cases, band placement of fertilizers either below or below and 
To the side of the seed, may be superior to broadcast application. This 
applies particularly to such crops as peas, which have a relatively small 
root system and which mature quickly. For instance, in the Rothamsted 
work (Crowther, 1949), a PK mixture gave 2 cwt. (approximately 4 
bushels) more threshed peas per acre when placed in side bands than 
when broadcast. With other crops less promising results have been ob¬ 
tained- sugar beet and mangolds, for instance, are very sensitive to in¬ 
jury to germination by soluble fertilizers placed in contact with the 
Led Side-band placement, however, generally favors the early estab¬ 
lishment and growth of most crops (Lewis, 1941), but it is doubtful 
whether this justifies the purchase of special drills for moderate acre¬ 
ages of individual crops. An alternative procedure, which has given 
good results in several experiments, is to plow down broadcast dressings 
of P or PK fertilizers and to follow this by surface dressings of nitrogen 

at a time to suit the individual crop. 

The general importance of the factor of positional availability ot a 
fertilizer supplement in the soil, and its dependence on the cultivation 
methods normally employed are well illustrated by the results of place¬ 
ment experiments with various fertilizer mixtures on potatoes in Britain 
(Cooke, 1949b; Stewart, 1949). We were familiar with the promising 
results of the American work on band placement for potatoes as de¬ 
scribed, for instance, by Cumings and Houghland (1939), and we were 
interested to see whether the same held good under British conditions. 
By far the greater proportion of the potato acreage in Britain is still 
grown under a cultivation system which involves double ridging, i.e., 
first the opening of ridges or planting furrows followed by the splitting 
back of these ridges to cover the seed, the normal spacings being 27 
inches row width and 8 to 10 inches between the seed tubers in the row. 
A comparison was therefore made of broadcasting before the initial 
ridging and broadcasting after the first ridging alongside various con¬ 
tact and side placements in bands. The results (Cooke, 1949b) showed 
that 2 parts of fertilizer applied broadcast after the initial ridging gave 
as good yields as 3 parts fertilizer broadcast before the first ridging. 
Apart from this, there were practically no differences in yield at¬ 
tributable to the method of applying the fertilizer, except in very dry 
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seasons when some damage resulted from the application of relatively 
heavy dressings in bands in contact with the seed tubers. Under this 
system of growing potatoes, broadcasting immediately before planting 
is a perfectly sound practice and there is nothing to be gained by any 
niore elaborate method of applying the fertilizer. 

In the past few years there has been a considerable increase in the 
acreage of potatoes grown with the aid of planting machines working 
°n the flat, a system in which the potatoes are planted and covered by a 
ridge in one operation. A few but by no means all of these machines 
have fertilizer-distributing attachments. The likely extension of their 
use in agriculture, with consequent tendency to abandon gradually the 
traditional double ridging system, has refocussed attention on the 
p acement problem for potatoes. Preliminary results, as yet unpublished 
by G. W. Cooke at Rothamsted, are in general agreement with those ob¬ 
tained in the American work and with theoretical expectation based on 
considerations of the positional availability in the soil of fertilizer 
particles following application in different ways. 

Even within the relatively small confines of Britain, the cultural 
operations normally practiced by farmers in different parts of the 
country vary considerably. In the south of England, for instance, sugar 
beet is invariably grown on the flat, whereas under the cooler, moister 
conditions obtaining in Scotland ridges are favored and are indeed tra¬ 
ditional for most root crops. These differences in cultural operations are 
based on the consideration of such various factors as the need for ready 
means of weed control, the removal of excess moisture in wet periods, 
and the conservation of moisture in the seed bed. Originally too, ridging 
enabled the all important farmyard manure to be concentrated in the 
root zone, and considered from the angle of the positional availability 
of fertilizer supplements, broadcasting and ridging together constitute 
a quite effective form of placement. By means of a specially constructed 
root drill, we are meantime investigating placement possibilities with 
turnips and swedes grown in ridges. Preliminary results indicate that, 
even under a ridge system of cultivation, placement of superphosphate 
in a band 1% to 2inches below the seed is likely to be more effective 
than either broadcast application or placement in bands in other posi¬ 
tions relative to the seed. Although we require much more information 
on the relative effectiveness of different methods of applying fertilizers 
under varying conditions of soil, crop, and season, we do feel that the 
factor of positional availability in the soil is one of prime importance 
in so far as the efficient utilization of fertilizer phosphorus is concerned. 
It may well be, therefore, that in the future our farmers will have to 
think less in terms of applying complete fertilizer mixtures, as they 
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nrefer to do at present, and more in terms of placing phosphorus and 
potassium and of applying readily soluble nitrogen separate y, accord- 
n ° a o ,he requirements of individual crops and sods. The translation 
S practice of the results even of those experiments which have given 
luite conclusive results is complicated, of course, by considerations of 
? he extra labor, and frequently also of equipment involved in the 
separate application of simpler mixtures or straight fertilizers. 

6. Lime and Phosphate 

The agricultural liming pendulum in Britain swung from a point of 
reasonably adequate liming in the second half of last century to the 
extreme of definite underliming in the middle thirties of the present 
century The introduction of Government Land Fertility and Agricul¬ 
tural Lime Schemes in 1937 undoubtedly did much to reawaken interest 
in liming; but even with the vastly increased consumption during re¬ 
cent years, the annual total at present being applied works out at the 
equivalent of about 200 pounds CaO per arable acre, which is barely a 
maintenance requirement. Lime can operate in so many different ways 
in the improvement of acid soils that it is exceedingly difficult to isolate 
and assess the value of its numerous component effects. On the phos¬ 
phate fixation side, we think it important to note that sorption fixation 
decreases rapidly at higher pH values in the region of 6 and over. 
Similarly the calcium phosphates, which may be formed by precipita¬ 
tion in slightly acid to neutral soils, fall into the readily available cate¬ 
gory. On the specific issue of the effect of lime on the effectiveness of 
applied phosphate, there is a considerable amount of evidence that 
liming an acid soil to a pH of about 6.5 does increase the effectiveness 
of superphosphate. An illustration of this effect from our own work is 
provided, for instance, by data on the yield and composition of crops 
from a series of long-term experiments on the relative effectiveness of 
different liming materials described by Reith and Williams (1949). At 
one center the yield of mangolds was increased almost sevenfold and, 
at the same time, the phosphorus content of the roots was nearly 
doubled by liming. In terms of total P 2 0 5 removed from the soil, this 
corresponded to 2.1 pounds per acre, in the absence of lime and 24.3 
pounds per acre in the presence of lime. The percentage increases in 
the phosphorus contents of other crops were less pronounced but still 
positive, and the total phosphorus removed in the first four rotation 
crops, mangolds, barley, barley, and hay amounted in the absence and 
presence of lime to 33.5 and 90.4 pounds. P 2 0 5 per acre, respectively. 
Quite apart from the effect of calcium on phosphorus uptake by crop 
planls, such figures as these serve to underline the important practical 
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point of the need for adequate replacement fertilizing when yields are 
increased following the introduction of specific remedial measures. As 
far as the extensive acreages of acid soils in Britain are concerned, it is 
doubtful whether any single measure could do more than judicious lim¬ 
ing to increase productivity and, at the same time, keep as much as 
possible of the soil phosphate in active circulation. 

There is one other aspect of the liming problem, or rather of the 
liming problem in reverse, which has been interesting us lately. In 
routine determinations of the readily soluble phosphorus contents of 
soils as a guide to phosphate requirements, we customarily use acetic 
acid (2.5 per cent by volume) as an extractant. We thought that it 
would be interesting in a particular set of experiments to remove some 
of the acetic acid-soluble phosphorus and then study the solubility and 
availability of the phosphate remaining in the treated soils. Parallel 
experiments with 0.007 N H 2 S0 4 as an extractant were also undertaken. 
Williams (1951b) has described the results obtained with soils derived 
from Basic Igneous, Old Red Sandstone, Slate, and Granitic parent ma¬ 
terials, respectively, and has pointed out that, not surprisingly, the 
effect of removing relatively small amounts of readily soluble phosphate 
was completely obscured by other effects of the acid treatment. Pot 
tests with oats showed that extraction with either acetic acid or dilute 
sulfuric acid as above, followed by restoration of pH and of cation con¬ 
tent, increased greatly the availability of the remaining phosphate. This 
more than compensated for the readily soluble phosphorus removed and 
was reflected both in higher yields and higher phosphorus uptakes. 
Neubauer determinations and solubility measurements in water and in 
salt solutions also gave higher values for the treated soils. 

The increases in solubility run parallel to, and are probably suffi¬ 
cient to account for, the increases in availability. Williams (1951b) has 
discussed the nature of the effect, and has attributed it to a combination 
of such factors as deactivation of fixing agents, partial hydrolysis of 
difficultly soluble inorganic and organic phosphates, and redistribution 
of phosphate in the soils. These acid treatments are, of course, much 
more drastic than any treatment likely to be encountered in agricul¬ 
tural practice, even where heavy dressings of ammonium sulfate, sul¬ 
fur, or sulfuric acid sprays are used. It is interesting to speculate, how¬ 
ever, on the implications of such results on the changes to be expected in 
soil phosphate with increasing soil acidity, the low availability of phos¬ 
phate in acid soils, and the beneficial effects of liming. Pretreatment 
with acid must cause a drastic change in a system in which there has 
been gradually established a stable equilibrium. Is there a correspond- 
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in _ though probably less drastic reverse change from the stable equi¬ 
librium condition when lime is applied to an acid soil. 

7. Other Factors Influencing Efficiency of Applied Phosphate 

Reference has already been made to the effect of dung in reducing 
responses to phosphorus and potassium but not nitrogen .These effects 
Le undoubtedly associated with microbial activity and hence there is 
uncertainty regarding the period during which the nutrients present 
become available to plants; they cannot, therefore, be assessed solely in 
terms of the N P, K contents of the organic supplement. Although it is 
virtually impossible to evaluate the individual contributions of the com¬ 
ponent chemical, physical, and biological factors involved in the im- 
orovement of soil productivity when dung is applied to particular soils, 
there seems to be little doubt that one of its net, long-term effects is to 
promote the better utilization of both native and applied phosphate. 
We have been interested in the experimental work undertaken espe¬ 
cially in Sweden and America on the apparent advantages of mixing 
superphosphate with dung before applying it to the land, and we have 
in hand a number of long-term, factorial, dung-NPK experiments 
covering this and similar treatments. Although the preliminary results 
are promising, we are not yet at the stage of drawing conclusions as to 
the efficacy and general practicability of such a procedure in farming 
practice. One has indeed only to glance through a collection of papers 
such as those in the August 1949 issue of Soil Science, to see how com¬ 
plex are the problems of the utilization of phosphorus in various inor¬ 
ganic and organic forms by different crops, and how urgent is the need 
to fill outstanding gaps in knowledge before attempting generalizations. 


III. Conclusions 

Against the background of land utilization, fertilizer consumption, 
and general response to phosphate under varying climatic, soil, and 
cropping conditions encountered in British farming practice, an attempt 
has been made in this chapter to present our views on such questions as: 
the relative merits of phosphate in different forms and the unlikelihood 
of spectacular increases in effectiveness from the introduction of new 
or modified chemical forms of fertilizer phosphorus; the advantages of 
frequent dressings at moderate rates as contrasted with infrequent 
heavy dressings; the importance of the factor of positional availability 
of phosphorus supplements in the soil and the consequent need for 
keeping methods of fertilizer application under constant review'; the 
importance of adequate liming of acid soils and the likely role of de- 
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composing organic matter in helping to keep as much as possible of the 
soil phosphate in active circulation. An outline has also been given of 
our views on the broad problems of the fixation of phosphate in soil. 
Although the direct residual effects of phosphorus supplements after 
they have been in the soil for a year or more are generally low, 
spectacular yield increases normally follow the application of even 
relatively light dressings to phosphate-deficient, acid soils. Further, the 
response to such supplements does obey the general law of diminishing 
returns. Cunningham (1951) has pointed out that in Great Britain we 
are applying annually about 166,000 tons of phosphorus and account¬ 
ing for only half of this as coming off the land. On the one hand, this 
may be regarded as a measure of inefficiency of present methods, but 
against this, we would undoubtedly suffer if we stopped applying phos¬ 
phate. To illustrate this, Cunningham has pointed to the involuntary, 
large-scale experiment in phosphate economy which France had to 
carry out during the years 1940-1945. By the end of that time phos¬ 
phorus-deficiency symptoms were everywhere evident in crop yield, 
and in both crop and animal health. There appears to be no escape, 
therefore, from continuing applications of phosphorus if production and 
health are to be maintained at reasonable levels. 

In considering the efficient utilization of phosphorus as a fertilizer, 
we think that it is of the utmost importance to remember that, although 
the direct residual effects even of heavy dressings are invariably low, 
the indirect residual effects of even light dressings may be appreciable. 
In this connection good farm management, involving the simultaneous 
application in practice of all the principles of good husbandry, is of 
undoubted importance. We have had striking illustrations of one of 
these phases of good management in our work on the improvement of 
old worn-out pastures by plowing, liming, manuring, and reseeding. 
The differences in early establishment between plots with no phosphate 
and plots receiving even a modest 40 pounds P 2 0 5 per acre dressing 
were indeed striking. In British farming practice it has long been ac¬ 
cepted as a maxim that good pasture is a sound basis of fertility, and 
such was the case in these reseeding experiments. The well established 
pastures in the lightly phosphated plots continued to keep ahead of their 
phosphate-deficient neighbors; they had a greater stock-carrying 
capacity and, as a result, got more dung and urine to help them along 
and so, in the general sense, were enabled to build up fertility. Cumu¬ 
lative effects of this type, resulting from the application of even light 
fertilizer dressings coupled with good management, are of obvious im¬ 
portance, particularly where, as in most of the west and north of 
Britain, rotation pasture is an important factor in the maintenance and 
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. t,rovement of fertility. Now for the poor management side of the 
ZL Good pasture management in the region in winch these experi¬ 
ments were carried out involves the control of grazing at certain times 
of the year and the prevention, so far as possible, of the development of 
stemmy growth and the emergence of flowering heads, particularly 
during the establishment stages. In these experiments, a heavy dressing 
nf nhosphate gave a better take and initial establishment of grasses and 
clovers than a light phosphate dressing. But the unintentional introduc¬ 
tion of a variable management factor ultimately led to plots in which 
the light phosphate dressing followed by good pasture management 
gave a better sward than could be found in plots receiving the heavy 
phosphate dressings coupled with poor or indifferent management. In 
this particular observation there is surely a lesson not to be ignored in 
any appreciation of the problems of utilizing fertilizer supplements 

efficiently. 
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Chapter XV 


World Phosphorus Fertilizer Production, 

Consumption, and Potential Needs 

V. IGNATIEFF and G. J. CALLISTER 

I. Introduction 

In a recent study of the nutritional status of sixty-four countries by 
the Food and Agriculture Organization of the United Nations (FAO) 
it was found that a major part of the world’s population is under¬ 
nourished. The survey revealed that nearly 60 per cent of the people 
live in countries where average food supplies are less than 2250 calories 
per day. Because of the rapidly growing population of these countries, 
the food supplies available per person today are less than they were 
before World War II. The pressing need, therefore, confronting agri¬ 
culture in the greater part of the world is for increased food production. 

Some food consumption goals which are considered as possibly 
attainable by the end of this decade have been calculated by FAO. 
Although these target figures take into account sound nutritional prin¬ 
ciples for the world’s population, they are not based upon optimum 
standards for most countries. Rather, they represent improvements in 
the quality and quantity of the national diet that could be and should 
be achieved. The gross world supplies needed to meet these goals are the 
following increases above current levels expressed in per cent in 
rounded-off figures: 

a. Cereals, 20 per cent. 

b. Starchy roots, 13 per cent. 

c. Pulses, 60 per cent. 

d. Sugar, 12 per cent. 

e. Meat, eggs, and milk, about 40 per cent. 

Achievement of these targets will require both extension of the total 
area under crops and the improvement of unit productivity of both 
crop and livestock production. 

In implementing such expanded production programs, many vital 
and difficult factors are involved. Among them, and of increasing world 
importance, are the provision of more adequate plant nutrient supplies 
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from all available sources—farm-produced, natural organic, and chemi¬ 
cal sources—and the more efficient use of plant nutrients. Especially is 
this vitally necessary in the many food-deficient areas. 

A very important factor necessary to a higher agricultural produc¬ 
tion in countries all over the world is a more adequate supply and use 
of phosphorus. It is, therefore, well to examine the world production 
and consumption of commercial phosphorus fertilizers. 

The level of consumption of phosphorus in any country, as of 
fertilizers supplying other plant nutrients, depends on several factors. 
Among them are: 

a. Soil type. 

b. Climate. 

c. Crops. 

d. Type of farming. 

e. Density of population. 

f. State of industrialization of the area. 

g. Technical enlightenment of the farmers. 

h. Economic conditions. 

In appraising potential world phosphorus needs one is immediately 
confronted with these factors. Even if only climate, crops, and types of 
farming were considered, they alone present enough problems to make 
an assessment of world phosphorus needs a difficult undertaking. Be¬ 
cause crops differ in their requirements for phosphorus and in their 
ability to extract this nutrient element from the soil, what may be an 
adequate supply for one crop may be inadequate for another. Again, 
crops grown on the same soil types under different systems of farming 
may require different fertilizer treatment. Intensity of farming will 
also have a marked effect on fertilizer requirements. 

Notwithstanding the difficulties and limitations imposed by existing 
world conditions, it is realized that at least a preliminary review of 
potential phosphorus needs, based on food supply and agronomic con¬ 
siderations, might well be made. Such appraisals would assist in future 
planning and would be of special value in formulating policies for in¬ 
creasing food production, particularly in deficit areas. It is hoped that 
this preliminary statement may be followed by more detailed studies 
by interested groups. It is emphasized also that in no sense is this review 
a forecast of actual phosphorus consumption. Such a study, which 
would have to take into account economic factors, is outside the scope 
of this paper. The considerations here are solely the need for more 
ample food supplies and the agronomic factors affecting phosphorus 
needs. 

In making an assessment of world phosphorus needs, it is assumed 
also that the other requirements affecting crop production are satisfied, 
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including the use of nitrogen, potassium, and such other elements as 
Zv be necessary. It would be unfortunate if an impression were 
belted that the increased use of one plant nutrient element, phos¬ 
phorus, would in itself greatly alleviate the world food shortage. 

|| Phosphorus Fertilizer Production and Consumption: Prewar and Postwar 
Years (1936-1938 and 1946-1947; 1948-1949 and 1950-1951) 

1. Characteristics of Prewar Years 

From the figures for the world production and r f o > lsuI "P tl0n ° f P^ os , 
phates by continents and countries given later in Tables 1 ( °°. 

and Agriculture Organization of the United Nations, 1946, 1947), 
will be noted that the chief characteristics of prewar production and 
consumption were briefly: Europe produced approximately 60 per cent 
and consumed well over one-half of the world phosphorus fertilizer 
production, North and Central America produced 19.2 per cent, Oceania 
9.3 per cent, Asia 7.3 per cent, and Africa and South America the 
small balance of 2.7 per cent. Japan was by far the largest producing 


country in Asia. 

Thus, before the war there were three highly industrialized regions 
in the world that produced and consumed phosphorus fertilizers: (a) 
Western Europe, (b) Eastern United States, and (c) Japan. These 
three areas had these factors in common: 

1. A relatively high density of population. # 

2* Intensive farming practices (although the degree varied with 


different countries). . 

3. Considerable use of commercial fertilizers producing good crop 

responses on soils which are not naturally very fertile, but have a 

reasonably adequate supply of water. 

High density of population and insufficient crop production, how¬ 
ever, have not always resulted in the use of larger quantities of com¬ 
mercial fertilizers. India and China, each with a population of over 
four hundred million people, scarcely used any. The same is true of 


territories in Southeast Asia. 

In all these areas the absence of industrial developments meant the 
minimum development of fertilizer industries, and therefore fertilizers 
could only have been obtained from overseas. Because of high transpor¬ 
tation charges and other factors, the cost to the farmer was often high. 
Elsewhere in the world there were other reasons for the low consump¬ 
tion of fertilizers. Large tracts in the U.S.S.R., Africa, and South 
America remained so sparsely populated that it had not been necessary 
to cultivate the land intensively. In some areas, such as in the Middle 


East, lack of water was a limiting factor. 
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2. World. Production of Phosphorus Fertilizers 

During World War II, many countries in Europe, Asia, and 
Oceania were cut off from normal sources of fertilizer supply, both of 
raw materials and finished fertilizers. Many plants suffered war dam¬ 
age. Overall phosphorus fertilizer production and consumption in 
Western Europe, with the exception of the United Kingdom, declined. 
The production of basic slag, an important source of phosphorus in 
Europe, also declined. 

The facilities for producing phosphate rock on some of the islands 
of the Pacific, particularly Ocean Island and Nauru, were destroyed, 
and this severely affected the supply of phosphate rock to Australia 
and New Zealand. As in Europe, superphosphate plants in China 
(Taiwan) and Japan suffered war damage. Production in Asia and 
Oceania declined. Critical war shortages occurred. 

The most significant development of this period was the greatly in¬ 
creased production in North America, both of rock phosphate and 
phosphorus fertilizers, from 677 thousand tons P 2 0 5 (all phosphorus 
fertilizer) per annum in the immediate pre-war years to 2180 thousand 
tons P 2 0 5 in 1950-1951. This is the most significant increase in any con¬ 
tinent during the war period. In the United States, the largest producing 
country, the increase was chiefly in the form of superphosphate, normal 
grade, and triple superphosphate; in Canada, in the forms of am¬ 
monium phosphates—11-48-0 and ammonium phosphate-sulfate— 
16-20-0. This growth in production enabled North America to assist 
other countries in need during the period of critical shortages. 

Phosphorus fertilizer production in Europe again reached prewar 
level in 1947-1948 and increased by 28.5 per cent above this level by 
1950-1951. Recovery in Asia was slower. It was not until 1950-1951 
that prewar status was again reached. In Africa, Oceania, and South 
America production in 1950-1951 was much higher than in an average 
prewar year (Food and Agriculture Organization of the United 
Nations: 1946, 1947, 1949, 1950a, 1951c, 1952). 

Four areas supply most of the phosphate rock used in the manufac¬ 
ture of chemical phosphorus fertilizers. They are the United States, 
North Africa, the Islands of the Pacific and Indian Oceans, and the 
U.S.S.R. This is due to the fact that the most efficient processes now in 
customary use for the manufacture of phosphorus fertilizers requires 
that the phosphate rock be of the highest grade possible, i.e., 30 per cent 
P 2 0 ; . or more. Although mineral phosphates are widely scattered 
throughout the world, ores of the above grade in sufficient volume have 
been found in comparatively few places. Table II indicates the major 
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TABLE I 

Total Phosphoric Acid (P,0.) Supplied by Superphosphate. Basic Slao, and 
|OT Other Forms of Phosphate*-* 

(Production Prewar and pob End.no June 30. 1947. 1949, and 1951)_ 


Country 


Prewar- 19*6-191,7 19*8-19*9 1960-1961 

(Thousand metric tons) 


Europe 

Belgium and Luxembourg 

Czechoslovakia 

Denmark 

Finland 

France 

Germany 

Federal Republic 
Soviet Zone 
Greece 
Hungary 
Ireland 

Italy 

Netherlands 

Norway 
Poland 
Portugal 
Spain 
Sweden 
Switzerland 
United Kingdom 
Yugoslavia 
Other countries 
ToUl 

North and Central America 
Canada 
Mexico 
United States 
Other countries 
Total 

South America 

Argentina 

Brazil 

Chile 

Peru 

Other countries 
Total 


£50.6 

50.9 

64.1 

11.7 

406.0 

474.7 


10.3 

8.2 

22.1 

232.9 

100.1 

4.9 

22.9 


181.9 

44.9 
61.2 

15.9 
294.0 
128.2 
(92.2) 
(36.0) 

11.9 

0.0 

18.6 

157.7 

100.1 

9.5 

30.0 


357.2 

55.3 

75.3 

34.5 
426.9 
323.4 

(280.4) 

(43.0) 

14.5 
4.0 

24.0 

251.2 

163.2 
10.9 
50.0 


352.1 

56.0 

73.8 

49.0 

479.5 

399.7 

(373.7) 

(26.0) 

40.0 

4.0 

30.0 

310.0 

160.3 

19.0 

50.0 


32.1 

163.5 

45.3 

3.3 

121.6 

3.9 

30.9 

50.8 

136.0 

69.5 

9.7 

280.2 

2.0 

41.0 

120.0 

80.9 

9.1 

328.0 

2.0 

71.5 
140.0 

98.6 

31.0 
278 3 
6.3 

2066.0 

1602.1 

2371.4 

2655.1 

12.9 

115.2 

109.6 

105.0 


3.6 

4.0 

7.9 

664.1 

1630.9 

1870.0 

5.1 

2067.0 

.1 

677.0 

1749.7 

1988.7 

2180.0 


5.0 

5.0 

9.0 


12.4 

5.0 

13.5 

6.5 

7.4 

14.3 

15.0 

17.7 

16.0 

16.8 

24.0 


2.8 

0.8 

6 

24.2 

43.6 

41.9 

62.1 
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Country 

Prewar 

1946-1947 1948-1949 

(Thousand metric tons) 

1960-1961 

Asia 

India 

Israel 

Japan and Ryukyus 

Taiwan 

Turkey 

Thailand 

Total 

Africa 

Egypt 

French North Africa 

Union of South Africa 

Other countries 

Total 

Oceania 

Australia 

New Zealand 

Total 

WORLD TOTAL 

0.8 

446.6 

3.7 

1.7 

1.4 

70.8 

0.7 

5.1 

166.5 

3.1 

1.1 

1.0 

14.0 

.8 

231.7 

8.7 

2.6 

.1 

257.9 

14.7 

d 

115.0 

9.2 

251.1 

9.0 

41.2 

44.4 

5.5 

75.0 

4.7 

34.0 

48.0 

176.9 

7.5 

36.0 

65.0 

60.1 

448.4 

89.5 

337.9 

3416.3 

82.7 

245.4 
118.0 

363.4 

3916.5 

108 5 

318.0 

144.7 

442.7 

5130.1 

136.9 

345.9 

133.8 

479.7 

5771.7 

* !‘ ood and Agriculture Organization of the United Nations (1940, 1947, 1949, 1950, 1951c 1952) 

0 Uata are exclusive of the U.S.S.R. and a few countries with small production, for which figures are incom¬ 
plete. Exclusive of phosphate rock. 

' Prewar figures are two- or three-year 

averages within the period 1955- 

■1939. 


4 Now included with Franco. 






TABLE II 



Phosphate Rock Production bt 

Important Producing Areas 0 



1938 

1946-1947 

1948-1949 

1950-1951 

Producing Area 


(Thousand metric ions rock) 


United States of America 

3,924 

9,145 

9,446 

10,711 

North Africa 

4,106 

5,404 

5,856 

7,000 

Ocean Island and Nauru 

1,159 

238 

780 

1,200 

U.S.S.R. 

2,363 

1,600 

2,200 

9 


« Food and Agriculture Organization of the United Nations (1040, 1947, 1949, 1950, 1951c, 195*). 


world phosphate rock production in recent years in comparison to 
prewar years. 

3. World Consumption of Phosphorus Fertilizer 

In 1950-1951 world consumption of phosphorus fertilizer reached 
the record level of 5.7 million tons P 2 0 5 . By 1950-1951 (see Table III), 
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TABLE III 

PT.ON or Phosphoric Ac. (P,OQ (Excluding Ground Rock Phosphate) 


Country 


Prewar* 191,6-1957 191,8-191,9 1950-1951 

(Thousand metric tons) 


Europe 

Austria 

Belgium and Luxembourg 

Czechoslovakia 

Denmark 

Finland 

France 

Germany 

Federal Republic 
Soviet Zone 
Greece 
Hungary 
Iceland 
Ireland 

Italy 

Netherlands 

Norway 

Poland 

Portugal and DOTV 

Spain 

Sweden 

Switzerland 

United Kingdom 

Yugoslavia 

Total 

North and Central America 

Canada 

Cuba 

Mexico 

United States 

Other Central American Republics 
Total 


12.8 

7.0 

25.6 

85.6 

84.4 

95.9 

47.9 

44.9 

60.0 

67.3 

52.8 

71.7 

28.7 

32.5 

67.7 

406.0 

289.0 

348.8 

564.2 

186.0 

460.9 


(136.0) 

(390.9) 


(50.0) 

(70.0) 

7.4 

11.9 

14.5 

10.4 

0.0 

8.0 


0.6 

1.0 

26.7 

24.0 

41.3 

261.9 

146.6 

219.6 

100.1 

119.5 

122.0 

15.3 

26.5 

32.3 

32.9 

35.0 

50.0 

32.9 

51.1 

41.0 

165.6 

102.0 

120.0 

50.9 

67.0 

80.9 

24.2 

31.4 

30.0 

180.5 

297.6 

379.2 

4.4 

2.0 

3.0 

2125.7 

1611.8 

2273.4 

34.0 

85.3 

101.6 


7.7 

11.0 


3.6 

7.2 

671.9 

1575.0 

1770.0 

5.0 

1.7 

2.7 

710.9 

1673.3 

1892.5 


40.0 

84.2 
60.0 
84.5 

61.2 
412.0 
477.4 

(411.4) 
( 66 . 0 ) 
19.0 
11 .0 
1.0 
$0.3 
303.0 
120.0 
34.0 
60.0 
57.0 
136.0 
105.0 
33.0 
380.0 
6.3 

2534.8 

105.3 

19.3 

7.5 

4028.0 

2.1 

2162.2 


South America 

Argentina 

Brazil 

Chile 

Colombia 

Ecuador 

Peru 

Uruguay 

Other countries 

Total 


6.1 

21.0 

5.9 26.5 

1.6 

16.4 16.0 

2.8 

1.8 
24.1 


6.5 

7.0 

22.0 

33.0 

22.6 

11.8 

1.6 

5.0 

0.6 

.1 

16.8 

24.0 

1.5 

1.5 

0.5 

.2 

72.1 

82.6 


74.0 
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Country 


Asia 

Burma 

Ceylon 

China 

Cyprus 

India 

Indonesia 

Israel 

Japan and Ryukyus 

Korea - 

Lebanon 

Taiwan 

Turkey 

Other countries 

Total 

Africa 

Egypt 

French North Ainca 
Union of South Africa 
Other countries 

Total 
Oceania 
Australia 
New Zealand 
Other countries 
Total 

WORLD TOTAL 


Prewar h 

1946-1917 191949 

( Thousand metric ! ,nx) 

1960-1951 



0 1 

0.1 

9.1 

l.l 

2 7 

2.0 

0.6 

10.4 



0.0 



3.3 

1.6 

5.0 

5.1 

14.0 

0.8 

0.6 

2.1 

11.0 



2.5 

0.5 

239.9 

71.0 

165.0 

237.6 

21.0 

40.0 

50.0 

1.2 



0.5 

0.7 

13.9 


8.5 

14.9 

0.0 

0.8 

0.8 

2.5 

22.3 

3.4 

3.5 

2.4 

302.7 

132.3 

240.8 

295.2 

9.0 

6.5 

13.5 

21.8 

24.9 

30.1 

36.0 

« 

42.0 

52.0 

60.5 

108.0 

4.1 


2.4 

13.9 

80.0 

88.6 

112.4 

143.7 

247.8 

245.4 

318.0 

345.9 

101 9 

118.0 

141.0 

143.5 




.2 

349.7 

363.4 

459.0 

489.6 

3593.1 

3943.4 

5050.7 

5708.3 


• Data are exclusive of the U.S.S.R. and a few countries with small consumption for which figures are 
incomplete. (Food and Agriculture Organization of the United Nations, 1946, 1947, 1949, 1950, 1951c, 195*). 

6 Prewar figures are two- or three-year averages within the period 1935-1939. 

• DOTs refers to “Dependent Overseas Territories.” 

d The fi « ur « for Korea represent consumption for the whole country before the World War II and only for 
South Korea after the War. 

• Now included with France. 


consumption in each continent except Asia had exceeded that of prewar 
years. Consumption in Europe was 19.2 per cent higher, but had de¬ 
clined from 59 per cent of the prewar world total to 44 per cent in 
1950-1951. Consumption in North and Central America increased by 
203 per cent during the same period and amounts to about 38 per cent 
of the world total. Consumption in Oceania, about 9 per cent of the 
total, increased 40 per cent during this period, while in South America 
it was trebled and in Africa consumption increased by 80 per cent above 
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IQ36-1938 levels. In Asia consumption was less than half prewar in 
946-1947 and slightly below in 1950-1951 (Food and Agriculture 
Organization of the United Nations, 1946, 1947, 1949, 1950a, 1951c, 


By 1950-1951 the significant and vital world development was the 
ever-increasing number of countries that used phosphorus fertilizers 
In strong contrast to the prewar situation, in addition to the industrial 
areas many other countries in the more distant places of the world had 
increases in phosphorus consumption, including Ceylon, India, Cyprus, 
Indonesia, Israel, Malaya, Egypt, Mauritius, Rhodesia (N), Tunisia, 


and many others. 

Thus the problems of an adequate phosphorus supply to meet an in¬ 
creasing world demand are among the more important problems in the 
field of commodities today. The immediate outlook and current prob¬ 
lems are discussed in the following paragraphs. 


4. Immediate Outlook and Problems of Supply 

Changes of a vital character in the production and distribution of 
phosphorus fertilizer are now culminating in developments influencing 
production and supply throughout the world. Briefly stated, these de¬ 
velopments are threefold: 

1 A very rapid increase in world production has taken place. In 
1946-1947 the total world production of P 2 0 3 was 3,916,500 metric 
tons (exclusive of the U.S.S.R.). In 1950-1951, world production 
reached 5,770,000 tons, with a phenomenal increase of 1,853,500 tons 
in a period of four years (Food and Agriculture Organization of the 

United Nations, 1950a, 1951c, 1952). 

2. Plant capacity for the production of concentrated phosphorus 
fertilizer materials, i.e., with a higher P 2 0 5 content than 16 to 22 per 
cent, has increased. Within the overall gain of 1,853,500 tons P 2 Os the 
volume of concentrated phosphorus fertilizer—as triple superphosphate, 
ammonium phosphate, nitric phosphate, calcium metaphosphate, de- 
fluorinated phosphate rock, and other types—has increased, and plans 
are being made to produce larger tonnages at an early date (Food and 
Agriculture Organization of the United Nations, 1951c). 

3. A world shortage of native or elemental sulfur has developed 
(Food and Agriculture Organization of the United Nations, 1951c). 
By far the major part of the world production of phosphorus fertilizers 
requires sulfur for making the sulfuric acid necessary in the manufac¬ 
ture of superphosphate (16-22 per cent P 2 0 5 ), the most widely used and 
most important carrier of phosphoric acid. The world production of sul¬ 
fur in forms that can be used in present plant installations has not been 



458 


V. IGNATIEFF AND G. J. CALLISTER 


able to keep pace with the demand. It is estimated that the demand for 
elemental sulfur, to which much of the world production of sulfuric acid 
is now geared, is presently at the rate of one million tons above the 
visible supply. This shortage is particularly acute in some food-export¬ 
ing countries. 

The problems of maintaining an adequate phosphorus fertilizer 
supply facing the world today may be briefly stated as follows: 

1. The development of new sources of sulfur from pyrites, from the 
catalytic cracking plants in new oil refineries, from anhydrite, natural 
gas, smelter gases, and from other industrial sources. 

2. The manufacture of phosphorus fertilizers requiring a minimum 
of sulfur or none, such as the acidulation of phosphate rock with nitric 
acid and the defluorination of phosphate rock. 

3. The utilization of indigenous raw materials that are not normally 
used in the manufacture of phosphorus fertilizers. One instance is the 
manufacture of fused phosphate called “soda phosphate” in Kenya. 
This material is made from Uganda phosphate (apatite), using only 
soda ash at a low temperature of 900° C. Another is the manufacture 
of serpentine fused phosphate in Taiwan. It has been found that these 
citrate-soluble phosphates can be effectively used in the regional agri¬ 
culture where these fertilizers are produced. 

4. Surveys for new sources, particularly for high-grade phosphate 
rock and sulfur, in the industrially less developed regions. 

Thus, although the potential needs for phosphorus fertilizer are 
much higher than current consumption, the solution of supply prob¬ 
lems, especially in many of the industrially less-developed regions of 
the world, goes hand in hand with increasing utilization. 

III. Potential Phosphorus Fertilizer Needs 

How shall the potential phosphorus fertilizer needs of the world be 
appraised, and in what form shall the needs be expressed? The appraisal 
of need as used here is based chiefly on two factors: 

1. The response of crops to the use of phosphorus as determined by 
field experimentation. Fertilizer requirements largely depend on differ¬ 
ences in soils. For example, nitrogen, and possibly other elements, are 
needed for wheat in Europe, but in Australia the need is principally for 
phosphorus, which is the chief fertilizer used. In discussing potential 
needs, therefore, our present knowledge of the broadly defined soil areas 
of the world, especially in relation to phosphorus supply or require¬ 
ments, will be considered. After this introductory statement, further 
details of the more important soil groups and their relation to phos¬ 
phorus needs are given wherever possible by continents. 
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2 The regional consumption of phosphorus. It is appreciated that 
the current volume of consumption is determined possibly as much by 
General economic activity as by agronomic factors and is thus in itself 
not a true basis of actual need. The present status of utilization gives 
some indication of need, however, and is taken into account as a con¬ 
venient starting point in appraising future need. 


/. Phosphorus Requirements in Relation to Soil Regions 

From a world point of view (see Fig. 1) there are six major soil 
regions, some of which require more phosphorus than others (Kellogg 

and Orvedal, 1950). The major soil regions are: 

(a) Black, Brown, and Dark Gray Soils of Temperate and Tropical 


Grasslands. 

(b) Light Gray and Red Soils of Deserts. 

(c) Gray and Brown Soils of the Temperate Forests. 

(d) Red Soils of Warm and Tropical Forests and Savannahs. 

(e) Organic Soils. 

(f) Alluvial Soils. 

a . Black , Brown , and Dark Gray Soils of the Temperate and I ropi- 
cal Grasslands. Prairie soils are normally high in fertility but may re- 
spond well to phosphorus. Degraded Chernozems are medium in natural 
fertility; they respond well to phosphorus as well as to nitrogen and 
potassium. The Chernozems and Reddish-Chestnut soils are, in general, 
high in fertility and productivity, but may respond to phosphorus 
fertilizer. These major soil groups occur in the temperate zones of 
Europe, North America, and Asia, and on them much of the world’s 

crops are produced. 

The dark gray and black soils of tropical savannahs are of medium 
productivity without irrigation; of high fertility with irrigation. These 
soils require nitrogen, but some crops also give good response to phos¬ 
phorus. The Chestnut, Brown, and Reddish-Brown soils, when irri¬ 
gated, respond to phosphorus as well as to nitrogen. 

b. Desert Soils. When irrigated, desert soils are generally well 
supplied with all the plant nutrients, except nitrogen, because little 
organic matter, and consequently little nitrogen, has accumulated in 
the soil. After the need for nitrogen has been met, phosphorus may be 
needed in some places, and also some of the other elements like iron 


and zinc. 

c. Gray and Brown Soils of the Temperate Forests. These soils are 
also important in major crop-producing regions. They are generally, 
but not always, acid. Liming is usually the First requirement. Next to 
lime, nitrogen is most commonly needed, followed by phosphorus and 




Fig. 1. Schematic soil map of the world showing soil zones. 
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nntassium In many places, particularly on sandy sods, some of the 
Ser elements such as boron, manganese, zinc, calcium, magnesium, 

Jon may be deficient. Nitrogen can be maintained wholly or partly 
through the growth of legumes and the use of animal manures. 

Podzols with much Bog, Gray-Brown Podzolic, and Brown Forest 
soils are the major soil groups of the temperate forest region. The Brown 
Forest soils are naturally the most productive, whereas the Podzols are 
he least productive in their native state. Many Podzols, however, have 
been brought to a high state of productivity through good husbandry. 

In general, they are deficient in nitrogen and phosphorus, with potas¬ 
sium required in many instances. 

d p ed Soils of Warm and Tropical Forests and Savannahs. These 
-roups have had few soil surveys. The more important soil groups of 
?ese tropical forests and savannahs are: Latosols (red la ten tic, red- 
dish-brown lateritic, etc.), Red-Yellow Podzolic soils, and Terra Rosa 
soils However, other soils occur mixed with them, such as highly pro¬ 
ductive young soils from recent volcanic deposits and old, relatively in¬ 
fertile soils of the undulating plains. For these reasons, there are many 
important subdivisions. These soils are usually more thoroughly leached 
than the soils of the temperate zone forests and have less capacity to 
prolong the good effects of fertilization. Although plants grow quickly, 
organic matter is rapidly lost. Its maintenance is an important problem. 
Phosphorus quickly tends to become fixed in the non-organic part of the 
soil and is less available to plants. The great need for phosphorus ferti¬ 
lizers to help establish leguminous cover crops in the humid tropical 
regions, especially on acid soils, is stressed by a number of authorities. 

% Organic Soils. These occur in many small areas in Podzol, Gray- 
Brown Podzolic, and Brown Forest soil areas. Locally they may be of 
great relative importance. They are nearly always deficient in potassium 
and phosphorus, especially the former, and also very frequently in 
other nutrient elements. These soils vary widely in acidity and, al¬ 
though the nitrogen content of organic soils is high, the nitrogen is not 
always in readily available form in sufficient quantities for the best 
growth of some plants. 

/. Alluvial Soils. Generally more fertile than upland soils of the 
watershed, Alluvial soils usually have less of the nutrient deficiencies 
common in the regions from which the sediments are derived. For 
instance, although phosphorus deficiency is acute in the residual soils of 
the Union of South Africa, the Alluvial soils have such an ample supply 
of available phosphorus that even after twenty to thirty years of in¬ 
tensive cropping, for example, to alfalfa, phosphorus fertilizers are not 

yet used. 
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AH The , ma ^ 0r subdivisions are the Alluvial soils of a forest watershed, 
Alluvial soils of grassland watersheds, and Alluvial soils of the humid 
tropes. The first group is likely to need lime in addition to nitrogen, 
p osphorus, and potassium unless derived from limestone. Some of the 
secondary elements may also be needed. Alluvial soil from grassland 
wa ershed is usually more fertile, but in many places crops respond 
to phosphorus and nitrogen. The soils of the humid tropics are likely 
o need both phosphorus and nitrogen. In some cases, rock phosphate 
has proved to be as effective as superphosphate. 


2. Evaluation of Phosphorus Fertilizer Needs by Continents 

and Countries 

A phosphorus needs of the soil groups are discussed in more 

detail m the sections that follow on Asia, Africa, Latin America, 
ceama, Europe, and North America. Tonnages are used as the most 
convenient measure of relative emphasis that can be quickly under¬ 
stood. The tonnages given here should not be regarded strictly in their 
numerical sense but rather as typifying a broad measure of need above 
the amount being currently used. Such tonnages are not directly related 
to possible future demand or to actual future consumption. 

a. Asia. This continent, with some of the most densely populated 
areas of the world, consumes relatively small quantities of plant 
nutrients as commercial fertilizers—295,200 tons P 2 0 5 out of a world 
production of 5,770,000 tons in 1950-1951. The use of plant nutrients 
should be greatly increased to assist in raising the level of agricultural 
production, especially of food crops. With the notable exception of 
Japan, and to some extent of South Korea and China, crop yields in 
the area as a whole, as shown in Table IV, are relatively low. It is 
evident that crop yields can in many cases be increased by the use 
of phosphorus. 

A basic problem, however, in increasing the consumption of com¬ 
mercial fertilizers is the assurance of an adequate water supply, either 
by rainfall or irrigation. In Japan, Korea, and Taiwan (Formosa) 
fertilizers are used on food crops such as rice, but in Asia as a whole 
they are more often used with cash crops such as tea, sugar cane, etc. 
For the attainment of better nutrition levels, it is the increases in pro¬ 
duction of cereals, particularly rice, and of the pulses that are com¬ 
monly grown in rotation with rice and vegetables, that have to be 
secured. More attention should be directed to the possibilities of using 
commercial fertilizers in greater quantities and on wider areas with 
these particular crops. 

Paddy rice (grown in water) is a crop which has received the great- 
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TABLE IV 


Food Crop Yields in Some Asian Countries (1948)“ 


— 

Rice 

Wheat 

Sorghum 

3/ illet 

Maize 

Country 




(100 kg./hectare) 


• 

Burma 

IS 

.6 

3.2 

.... 

.... 

5.8 

Ceylon 

China 

6 

25 

,6 

.1 

11.2 

12.9 

14.9 

o .9 

15.0 

India 

11 

.7 

6.6 

2.8 

S .7 

5.9 

Indonesia 

15. 

5 

.... 


.... 

13.4 

10.7 

Japan 

Pakistan 

37 

IS. 

.2 

7 

15.8 

8.2 

14.0 

4.3 

10.8 

Philippines 

11 

.5 

.... 

.... 

.... 


South Korea 

27 

.9 

7.3 

8.1 

6.8 

5.0 

Thailand 

12 

6 


.... 

.... 

7.1 


* Food and Agriculture Organization of the United Nations (1950b). 

est attention in fertilizer trials in Asia, and considerable data have been 
accumulated for this crop. With pulses and vegetables, the main guide 
is a body of practical experience and simple experiments. There is real 
evidence that the yields of pulses and leguminous forage crops can be 

substantially increased by the use of phosphates. 

The major results of experimental work in several Asian countries 

can be summarized briefly as follows: 

On soils of Lower and Upper Burma (Ignatieff, 1951, p. 19) phos¬ 
phorus fertilizer applied alone gave increases in yield of paddy of 15 
per cent in the year of application, followed by similar increases for 

two to four years owing to residual effects. 

Taken as a whole, Ceylon soils other than those derived from lime¬ 
stone (Ignatieff, 1951, p. 23) are poor in organic matter and in avail¬ 
able lime and phosphorus, but fair in nitrogen and potassium. Experi¬ 
ments with paddy rice have been conducted at more than ten experi¬ 
ment stations on different soil types. The general finding has been that 
phosphorus and nitrogen are the plant nutrient elements most deficient 
in Ceylon paddy soils. Ammonium phosphate applied at the rate of 125 
kg- per hectare has given over a period of years an average increase in 
yield of 543 kg. per hectare (29 per cent) at several experiment sta¬ 
tions. Bonemeal applied at the same rate induced a response of 156 kg. 
per hectare (8 per cent). 

In Ceylon up to the present, phosphorus fertilizers have been used 
chiefly on tea (average application, 28 kg. P 2 0 5 per hectare) and to a 
limited extent on rubber and coconut trees. Very little has been used 
on paddy. 
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In China (Yao, 1948, p. 20) it has been estimated that 75 per cent of 
cropped land will respond to an application of nitrogen, 40 per cent to 
phosphorus, and 14 per cent to potassium. Deficiencies in soil phos¬ 
phorus have been reported by Yao (1948), particularly on the cal¬ 
careous alluvium (Huai River Valley), Podzols, Shantung Brown soils, 
yellow earths (high, alluvial, and paddy lands), noncalcareous 
alluviums (Chengtu and Yangtze river valleys), and red earths (high, 
alluvial, and paddy lands). Results of experiments conducted in 
seventeen provinces of China over a period of years have shown that 
with applications of 60 kg. P 2 0 5 per hectare average increases of 625 
kg. of rice, 446 kg. of rapeseed, and 397 kg. of wheat per hectare were 
obtained (Yao, 1948, p. 32). 

In the island of Taiwan (Formosa) commercial fertilizers are used 
more intensively than on the mainland of China. Nitrogen is the chief 
fertilizer; phosphorus fertilizers are also used, however, and currently 
indigenous production is being increased to meet the demand. Potassium 
is also required in some instances. The western side of the island is in¬ 
tensively cultivated. Fertilizers are chiefly used on rice and sugar and 
to some extent on other crops. 

In India the paddy crop has been most widely used in fertilizer ex¬ 
perimentation and it has been shown that for all major soil groups— 
Latosols (red loams, red sandy soils, laterite, and lateritic soils), 
black cotton soils, and even the alluvial soils, which are typical paddy 
soils—the prime requirement for paddy is nitrogen (Stewart, 1947, 
p. 148; Ignatieff, 1951, p. 34). 

With phosphorus the results have been less positive, but indications 
are that phosphorus increases paddy yields in certain soil types if the 
nitrogen requirement of the crop has been met. The recommendation 
in the majority of the important rice-growing states is for the use of 
phosphorus on rice at the rate of 15 to 30 kg. P 2 0 5 per hectare. Widely 
conducted field experiments at Himayatsagar (Hyderabad), Nagina 
and Gorakhpur (Uttar Pradesh), Maruteru, Coimbatore and Aduturai 
(Madras State), in general, support this recommendation. 

Somewhat similar results (Stewart, 1947, p. 117) have been ob¬ 
tained with millets, oil seeds, and pulses, although relatively fewer 
trials have been conducted with these crops. 

Peanuts, usually unirrigated, are grown on the Indian Peninsula. 
This crop uniformly showed response to superphosphate (Stewart, 1947, 
p. 144) applied at the rate of 35 to 45 kg. P 2 0 5 per hectare in trials at 
Akola and Buldana in Madhya Pradesh and in the Deccan Canals 
tract in Bombay. The average increase from 16 trials was 8.4 kg. per 
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ii m pn applied Response to phosphorus alone was not observed 
in Madras, but th. response .0 combm.dons of n.trog.n 

•>“ “ d ” d » “ 

nitrogen fertilizers, the need for phosphorus mil become even more 
evident, not only fc°p h ^6j soils deficient in phosphorus 

"hem nearfy all arable land is oCCnpM by 
Orfdv These soils probably occur over large areas on th, other ts and, 
o P f IndoSia, bu, no exact data on their distribution are ye. av.tlable, 

»‘ d d “‘“ *- 

^*2° The yenow^nd^ayish*'fellow laterite soils in Krawang and 

Ind 3 a The' various types of marly soils found over wide areas from 
Tjiandjur in West Java to Pasuruan in East Java and island of Madura. 

4 The sandy quartzitic soils in East Java and Madura. 

Results at eight experimental stations have shown that applications 
o, ptailru. fertilizer, a, the rate of 45 kg. per hectare tncr.a.ed 
vields from 0.6 to 1.3 tons of stalk paddy per hectare. 
y In Pakistan (Ignatieff, 1951, p. 53) except for the soils of Hima¬ 
layan and submountaneous tracts, the cultivated soils are formed mainly 
from alluviums, part of which are covered by aeol.an deposits in the 

^West Pakistan the soils generally have an alkaline -action and 
accumulations of salts are common both in Punjab and Sind. These 
soils are low in nitrogen and organic matter but fairly well supplie 
with phosphorus and potassium. In trials on unirrigated wheat 
(Stewart, 1947, pp. 130-135) at a number of experiment stations over 
a period of years, it has been found that responses to phosphorus alone 
were good, with increases of 7 kg. of wheat per kilogram of P,O s being 
obtained from applications of 37 kg. P 2 0 5 per hectare. 

In irrigated trials on wheat there is a consistent response to nitro¬ 
gen to phosphorus, and to the combination of these two plant nutrients. 
Not many trials have been conducted with phosphorus alone, but in¬ 
dications are that increases in yield from 7 to 29 kg. per kilogram o 
P.Or, applied can be secured when superphosphate is applied at the rate 

of about 20 kg. of P 2 0 5 per hectare. ... 

In East Pakistan much of the recent Alluvial soil contains fair 
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quantities of lime, phosphorus, and potash. The red soils derived from 

old alluvium, however, are acutely deficient in phosphorus as well as in 
nitrogen and lime. 

In the Philippines a large proportion of the soils (Ignatieff, 1951, 
p. 71) are Latosols (the red loams, red lateritic, reddish-brown lateritic) 
and Red-Yellow Podzolic soils. These soils have developed from a 
variety of parent materials, including volcanic tuff, basalt, andesite, 
rhyolite, dacite, limestone, shale, sandstone, and slate. Many of the 
soil types appear to be deficient in nitrogen and phosphorus, and some 
crops, especially vegetables, may also benefit by the application of 
potassium fertilizer on some soil types. There are also important areas 
of Alluvial soils, which have the widest distribution and are of the great¬ 
est agricultural importance in the great central plain of Luzon. Chemi¬ 
cal analysis indicates that most soils of this plain are probably deficient 
in phosphorus and potassium. 

Experiments conducted in various parts of the Philippines have 
shown that substantial increases in yield of paddy are obtained by the 
use of phosphorus alone and that still larger increases are obtained by 
the use of phosphorus in combination with nitrogen, and on some soil 
types with potassium as well. For instance, at the College of Agricul¬ 
ture, Laguna Province, the results of several years of experimentation 
show that superphosphate applied at the rate of 35 kg. P 2 0 5 per hectare 
gives an average increase of about 500 kg. of paddy. At the Albang 
Rice Experiment Station in Rizal, increases of 250 kg. per hectare were 
secured by the use of 10 kg. P 2 0 5 . 

Up to the last year or two, most of the fertilizer used in the Philip¬ 
pines has been applied to sugar cane. Experimental results in Negros 
Occidental, which is the chief sugar-growing province, have shown that 
yields of sugar can be doubled by the use of some 80 kg. of nitrogen per 
hectare. On some of the upland soils, however, the best results are not 
obtained unless some phosphorus is included. 

Agriculturally, Thailand (Ignatieff, 1951, p. 71) can be divided into 
five regions—the Bangkok Plain, Northern, Northeastern, Southeast¬ 
ern, and Peninsular. The soils of the Bangkok Plain, which is the chief 
paddy-growing region, are predominantly heavy dark clays developed 
from fine-grained alluvium. The soils of the valleys of the Northern 
Region, which is mostly rough mountainous land, are fairly fertile. On 
the other hand, the soils of the upland Northeastern Region, which has 
an undulating landscape, are very poor. The mountainous Southeastern 
Region and the Peninsular are not very important agriculturally, but 
it is suspected that some of the soil types in this region are phosphorus- 
deficient. 
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Preliminary fertilizer experiments on the soils of the Bangkok Plain 
mve indication^ the need for phosphorus for paddy. Also, the practical 
experience of the cultivators in this region shows that better results are 
obtained with vegetables when phosphorus is applied and batguano has 
ZZ used on vegetables here for a considerable number of years. 

In Viet-Nam (Ignatieff, 1951, p. 82), in the Tonkin region, phos¬ 
phate increased yields of paddy when applied alone or in combination 
Jvith nitrogen. Best results were obtained on land to which manure was 
^phed‘ on such land increases of 5.8 kg. of paddy per kilogram of 

Vi0 \nJapX ^sTngtsabSs of comparison the five-year periods ending 
in 1882 and 1942, production per hectare of rice increased 70 per cent, 
wheat 140 per cent, common barley 119 per cent, naked barley 

npr cent, and tea 180 per cent. ,, 

P Inlecent times the trend in soil fertility in Japan is upward because 
of the large amounts of commercial fertilizer, barnyard and green 
manures, composts, and night soil that have been applied. It is empha- 
“ ed however, that the higher yields attained m Japan have been 
ecured not only by the efficient use of plant nutrients but also by the 
employment of many other improved practices affecting both the soi 

and Many of the important agricultural soils (Swanson, 1946) are de¬ 
veloped on volcanic ash. Ando soils, derived principally from volcanic 
ash materials, are found in all areas of Japan. Although they are dar 
colored and friable, the organic matter in these soils has a higher C/N 
ratio and the soils are infertile in their natural state. The most im¬ 
portant and most fertile soils, which support the bulk of the population, 
are the Alluvial soils developed in the lowlands. On these, paddy is 
grown in the summer; and in Southern Japan, these soils are also 
cropped to wheat and barley during the winter months. 

The soils in Japan are not naturally fertile and for maximum crop 
production most require heavy fertilization and liming. The Ando soils, 
important upland soils, are especially low in available phosphorus. 
They are physically well suited to growing small grains, sweet potatoes 
vegetables, mulberry, upland rice, pulses, tree fruits, tea, tobacco, and 
other dry-land crops. Responses to the application of phosphorus vary. 
On an average, the increase in the yield of paddy is only a few per cent 
(Working Party on Fertilizers, 1951, p. 51), except on some volcanic 
soils on which greater increases are obtained. Increases in yield of 
wheat and naked barley vary from zero to 55 per cent (Supreme Com¬ 
mand for Allied Powers, 1947a). At the Saitama Prefectural Agricul¬ 
ture Experiment Station, dressings of 122 kg. of P 2 O 5 per hectare in- 
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creased the yield of common barley from 495 kg. per hectare (control 
plot) to 4,233 kg., and dressings of 183 kg. P 2 0 5 per hectare increased 
the yield of white potatoes from 9,163 kg. to 18,880 kg. per hectare. 

The recommendations of the Ministry of Agriculture and Forestry 
for rates of application of phosphorus in the form of commercial fer¬ 
tilizer for some of the crops are given in Table V (Supreme Command 
for Allied Powers, 1947b, p. 51). 

TABLE V 

Recommended Rates of Phosphorus Fertilizer Application in Japan® 


Crop 

PiOf, kg. per hectare 
(max.) (min.) 

Paddy and upland rice 

56 

15 

Wheat, barley 

76 

26 

Sweet potatoes 

62 

30 

White potatoes 

72 

38 

Millet 

53 

37 

Corn, peas 

75 

37 

Beans 

75 

23 

Tomatoes 

85 

64 

Eggplant 

101 

42 

Spinach 

45 

30 

Carrots 

36 

15 

Fruit trees 

290 

60 


• Supreme Command for Allied Powers, Japan (1947b). 

Asia at present is using 295,200 tons P 2 0 5 annually, 237,600 tons in 
Japan, and 14,900 tons in Taiwan, leaving approximately 42,700 tons 
for all other consuming areas. Obviously this figure is far too low, but 
nonetheless it is difficult to suggest an adequate rate of phosphorus 
fertilizer consumption for this vast region. There is no question that 
crop yields must be increased to meet the demands of the growing 
population. Based on Japanese, and in part on Chinese and Korean 
experiences, it is equally clear that this can be done. 

A reasonable approach is to consider the areas under rice, wheat, 
pulses, and oilseeds, which amount to about 175 million hectares out of 
a total of 329 million hectares, excluding Japan and South Korea. These 
crops have been selected not only because they are most important from 
the standpoint of human nutrition, but also they are the crops, par¬ 
ticularly paddy, that are most likely to have an adequate supply of 
water. Furthermore, wheat, pulses, and oilseeds are usually grown on 
the more responsive soils. On the basis of one-sixth of the area re¬ 
ceiving an annual dressing of 30 kg. P 2 0 5 per hectare, which would 
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include vegetables and fruits, 900,000 tons of PA. would be required 
This estimate of consumption is very conservative. I here ,s suit,cent 
evidence to indicate that at least the size of the areasuggested would 
comprise soils responsive to phosphorus. Another 100,000 tons PA 
should be allowed for industrial crops, such as sugar cane tea and cot¬ 
ton For Japan and South Korea it is estimated that by 1M0MJ0JMQ 

i i ,icoH Wpre the fertilizers available, therefore, 
tons per annum could be used. \^ere me p O bv 

v *• Acia ac a whole of 1.4 million tons Y t>y 

an annual consumption for Asia as a wnoie ui 

I960 would be a reasonable figure to suggest. , 

b Africa In Africa the results of field experiments in different 

countri indicate a definite need for phosphorus fertilizers on many 
. rrnm This i s confirmed by the fact that consumption has in- 

“tSTlSS.tTSo. .n .948-1949 ,o 143,700 ,o„s in 1950- 
W51.nd i. still increasing. In a few countries ferl.l.rer eaperunents 
have been conducted for a great number of years, and m°re recently 
this type of work has been undertaken m many more. The following 
lummaries indicate the vital role of phosphorus in the agriculture of 
some of these countries in Africa, and the growing need in others. 

In Egypt experiments by Gracie and Khalil (1948) show ^ aver¬ 
age responses to ordinary superphosphate applied at the rate of 238 kg. 
per hectare were 1670 kg. per hectare dry weight of berseem (Tnfohum 
llexandrinum), 240 kg. per hectare beans, and 380 kg. per hectare rice 
in husk. With twice that application, that is, with 476 kg. per hectare 
superphosphate, average responses were 8 kg. per hectare of cottonlint, 
104 kg per hectare of wheat, 103 kg. per hectare of barley, and 80 kg. 
per hectare of com. Thus, on the irrigated, permeable, somewhat salty, 
alluvial clay soils of the Nile delta notably good responses are given by 
beans and rice but only moderate responses by the four other crops. On 
the irrigated, feebly permeable, somewhat salty clay soils of the Gezira 
in the Anglo-Egyptian Sudan, cotton and sorghum have shown no re¬ 
sponse to applications of superphosphate. In these hot dry areas, water 

and nitrogen are the main needs. ... 

Some outstanding increases in yield due to phosphorus fertilizers 
have been recorded in East Africa. Increments of 44 per cent in the 
yields of finger millet, corn, and soybeans have been obtained by the use 
of 125 kg. per hectare of ordinary superphosphate on red earths over- 
lying concretionary ironstone in the Nyanza province of Kenya. Acid 
soils with a high degree of base saturation are not seriously phosphorus- 
deficient, however (Birch, 1951). 

Hoyle (1951) and Hoyle et ad. (1952) report that in Nyasaland corn 
and tobacco have responded strongly to nitrogen and less strongly to 
phosphorus, but have not responded to potassium. The quality of to- 
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bacco leaf was greatly improved by nitrogen and phosphorus fertilizers, 
whereas potassium seemed ineffective. 

In Northern Rhodesia when rains are favorable, McEwan (1932) 
has noted that the fine-grained, moderately leached soils of the Upper 
Valley respond to applications of single superphosphate at the rate of 
about 100 kg. per hectare by increases in yield of corn grain of about 
200 to 300 kg. per hectare. The residual effect of the application seems 
to be large. 

In Southern Rhodesia good results have been obtained with the 
application of rock phosphate to the leguminous green manure crop 
preceding corn, whereas the application of phosphates on the com 
crop itself is seldom economical (Rattray, 1951). 

In Nigeria and the Gold Coast , fertilizer trials have been carried 
out not only at experiment stations but on peasant farms where lack 
of cultivation, wide sowing, and late planting are liable to cause low 
yields. The fragmented peasant farms of only a few acres are frequently 
so inaccessible by rail or road that the introduction of fertilizers has been 
considered impracticable. 

The profitable use of phosphorus in the forest areas lying to the 
south of these countries may be dependent also on the use of nitrogen 
or potassium. However, there are large areas in which the use of super¬ 
phosphate alone promises highly economic returns. These areas are 
roughly represented by that part of the Gold Coast lying north of lati¬ 
tude 10° N and that part of Nigeria lying between latitudes 10° and 
13° N. 

The Gold Coast area is of similar climate to that of N. Nigeria at 
the same latitude. The farming systems of the two areas are similar, 
with sorghum, millet, and peanuts as the main crops; in both areas the 
farmers are accustomed to apply organic manures to their homestead 
farms. Many of the soils are sandy, and derived from granite. Ferti¬ 
lizer responses in the two regions are strikingly similar. Greenwood 
(1951) and Nye (1952) have noted that in peasant hands an applica¬ 
tion of 67 kg. per hectare of ordinary superphosphate will produce 
an increase of 91 kg. of either grain or shelled peanuts in the year of 
application, and leave a residual effect not less than 50 per cent of the 
immediate effect. Significant residual effects have in fact been observed 
in Nigeria four years after the date of application. 

Estimates of the areas which would derive immediate benefit from 
the use of superphosphate have been obtained from the acreage in pea¬ 
nuts which, grown in rotation with the two cereal crops, occupy be¬ 
tween one-quarter and one-eighth of the arable land and indicate the 
area which could profitably be manured annually, assuming a residual 
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effect of two years’ duration. They are: Nigeria, 647,488 hectares; 
Gold Coast, 20,230 hectares. If given the 62 kg^ per hectare recom¬ 
mended for Nigeria, there is an immediate need for 36,000 tons of 

'“^rexploritory study of the soils of the Belgian Congo conducted 
by Kellogg and Davol (1949), the following major soil groups were 
recognized in the field: several groups of Latosols (Reddish Prairie 
soils Red-Yellow Podzolic, and Latosolic Brown Podzohe soils), Ground- 
Water Laterite, Latosolic Rendzina, and Alluvial soils. Potentially the 
most productive of the soil groups are Reddish-Brown, Red and Eart y 
Red Latosols, some Alluvial soils and Reddish Prairie soils under irriga¬ 
tion. Soil groups of low potential productivity are the podzolic soils 

and Ground-Water Laterites. 

Phosphorus is generally low in Latosols and most of them are strong 
phosphorus fixers. Generally, the values for total phosphorus are com¬ 
parable to those for Red-Yellow Podzolic soils in the United States but 
lower than those for the Gray-Brown Podzolic soils. Values for available 
phosphorus are very low according to the methods that were used. 
Until standards are developed in the Belgian Congo through field trials 
it would not be safe to use them as a basis for predictingfertilizer need. 
It must also be appreciated that all the total and available plant nutn- 

ents are low in Latosols. _ .. . ~ , 

Writing on the soils of the Union of South Africa, Van Garderen 

(1952) notes that the residual soils in the higher rainfall regions and 
the aeolian soils bordering on the Kalahari Desert are notoriously de¬ 
ficient in available phosphorus. This is reflected in the low phosphorus 
content of natural pastures and in the necessity for supplementing 
stock feeds with phosphates. The dearth of phosphorus is such that by 
Government regulation “no person shall use bonemeal or any bone 
product . . for any purpose other than the feeding of livestock ... 

As further noted by Van Garderen, with ever increasing demands 
for food, there have also been associated increased demands for ferti¬ 
lizer, predominately phosphorus. Consumption of superphosphate (16 
to 20 per cent P 2 0-,) increased from some 270,000 tons in 1939 to more 
than 455,000 tons in 1950. Approximately one-half of this is used for 
the production of corn, 25 per cent for wheat, and 25 per cent for other 


crops. 

Fertilizer studies are conducted at most of the agricultural research 
stations throughout the country. The following are some of the more 
salient features of the results obtained (Van Garderen, 1952). 

In growing com under dry-land farming, the greatest relative in¬ 
creases in the yield of grain are generally associated with the lowest 
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rates of application. An annual application of 105 kg. superphosphate 
per hectare to corn grown each year on the same land (monoculture) 
increased the average yield of grain during a 20-year period from 1.7 
to 2.0 tons per hectare. 

Experimental evidence on the phosphorus requirements of wheat 
and other winter cereals is rather limited, except for the winter rainfall 
area of the Cape Province, where the annual application of 210 kg. 
superphosphate per hectare is generally advocated. Nitrogen, in con¬ 
junction with phosphorus, shows a more positive beneficial effect on 
wheat than it does on corn, particularly on old lands and sandy soils 
poorly supplied with humus. 

A limited amount of alfalfa is raised under dry-land conditions. 

It is generally grown under irrigation. Alfalfa does not respond to 
phosphorus on the fertile Alluvial soils of Karoo and of the Orange 
River, which areas produce more than 50 per cent of the Union’s total 
crop. 

On the aeolian soils of the Vaal-Hartz and other irrigation areas, 
however, ample applications of soluble phosphate have been proved to 
be absolutely essential. Annual applications of approximately 530 kg. 
superphosphate per hectare are necessary to produce the optimum of 
15.8 tons of alfalfa per hectare. 

Potatoes and pastures respond well to applications of superphosphate 
under certain conditions and in association with nitrogen fertilizers. 

All experimental evidence confirms the necessity of applying ade¬ 
quate amounts of phosphorus fertilizer for the production of more food 
in the Union of South Africa. 

On the basis of such facts as can be obtained with no official esti¬ 
mates available, it is reasonable to suppose that Africa could use in the 
order of three to five times the present consumption of phosphorus, or 
500,000 to 800,000 metric tons of P*0 5 by the end of this decade. 

c. Latin America. A striking characteristic of the agriculture of 
Latin America is the relatively small area of land in cultivated crops. 
The estimated total land area is 2058 million hectares (Food and Agri¬ 
culture Organization of the United Nations, 1951a). Of this not more 
than 5 per cent is in cropland and only 3.1 per cent is cultivated an¬ 
nually. Most of the land is still covered with forests and woodlands 
with a higher percentage of waste land. 

On the average there is 1.0 hectare under cultivation per head of 
farm population and only 0.63 hectare per head of total population. 
This is in comparison with an average of 0.52 hectare for the world 
total population. 

To give some idea of the fertilizer needs, the crops grown in this 
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1938-1939 and 1949-1960, 


TABLE VI 

Areas of 22 Principal Crops Harvested in Latin America- 


Harvest 


Crop 

years 


Cotton 

Roots C °f Ce am ' „ 

q am l Ba- Oil and cotton To- per 

reals* tubers’ Sugar Beans nanas seeds' 1 cacao seed bacco Total person 

(million hectares) 


1938-1939 27.1 1.4 
1949-1950 26.8 2.5 
1952-1953 31.9 2.6 


2.1 

2.0 

0.57 

3.3 

5.3 

3.0 

0.25 

45.0 

0.36 

3.0 

3.2 

0.63 

3.8 

4.7 

3.8 

0.35 

48.8 

0.30 

3 4 

3.6 

0.70 

4.3 

5.0 

4 2 

0.36 

55.9 

0.33 


- Food and Agriculture Organization of the United Nation, (1UU). 

* Includes wheat, rye. maize, oats, barley, and nee. 

« Includes potatoes, yucca, and sweet potatoes. 

- Includes linseed, sunflower seed, peanuts, sesame, and castor beans. 

It would be wrong to assume that the soil resources of Latin America 
are virtually unlimited. Much of the soil capable of easy cultivation 
has already been put to productive use. Much of the uncultivated land 
cannot readily be put under cultivation by private initiative alone be¬ 
cause of the large capital investment required. Consequently govern¬ 
mental action is becoming increasingly important in the extension o 

the cultivated areas. 

Besides increasing the arable area, the plans of many countries are 
to increase the crop yields per unit of land. Thus the efficient use of 
commercial fertilizers has a vitally important place in all such 

Pr0 NexT to nitrogen, which is needed particularly in the tropical 
regions, the most universal need over practically the whole of Latin 
America is for a more nearly adequate supply of phosphorus. From the 
vast majority of the experimental trials carried out to date in Latin 
America, it is obvious that phosphorus deficiency is a serious limiting 
factor in crop production, and that large quantities of this plant nutrient 
element will have to be used in every country to increase yields signifi¬ 
cantly on most soil types. Some alluvial and volcanic soils may be 

exceptions. ■ 

The consumption of commercial fertilizers in Latin America in 
1950-1951 was 111,000 tons nitrogen (N); 110,600 tons P 2 0 5 ; and 
45,500 tons K 2 0. This is approximately 1.8 kg. P 2 0 5 per hectare of 
cultivated land. The consumption varies considerably, however, in 
different countries. Because of more nearly ample local supplies, con- 
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sumption per hectare is highest in Chile, followed by Peru and Cuba. 
All other Latin American countries use less than one kilogram per 
hectare. Fertilizers are used largely on high-value crops per hectare 
such as sugar cane, bananas, coffee, cotton, and potatoes. Much more 
phosphorus is needed in the production of pulses and cereals, which in¬ 
clude wheat, corn, oats, barley, and rice (Food and Agriculture Organi¬ 
zation of the United Nations, 1951a). 

Three major kinds of evidence attest to the need for larger amounts 
of phosphorus in Latin American agriculture: (a) the soil groups; 
(b) the results of field experiments; and (c) the results of chemical 
tests on soils. 

(a) The greater proportion of the soils of Latin America (Hardy, 
1942, 1943) have undergone to a varying degree the process of lateriza- 
tion, and thus one finds soils which are generally very deficient in 
phosphorus. These soils cover most of Central America, most of Brazil, 
the Guianas, Venezuela, the eastern and very western parts of Colombia 
and Ecuador, Peru, Northern Bolivia, and Southeast Paraguay. They 
include such major soil groups as Latosols, Ground-Water Laterites, 
Red-Yellow Podzolic soils, etc. Other soils occur mixed with them, in¬ 
cluding highly productive young soils from recent volcanic deposits. 

The degree of decomposition and eluviation of the wide range of 
rocks represented in Latin America varies greatly, depending on cli¬ 
mate and length of time of exposure. In humid, tropical regions, for 
example in British Guiana, igneous and metamorphic rocks have given 
rise to residual soils the mineralogical composition of which differs 
greatly according to the nature of the original crystalline rocks. Thus, 
basic rocks (hornblende schists, diorite, dolorite, etc.) have given rise to 
fairly fertile red earths (Latosols) which are neutral to slightly acid, 
whereas acid rocks (granitic gniesses, granite, etc.) have weathered to 
thick masses of quartz-sand and kaolinitic clay which have developed 
into bleached, highly acid, infertile, silty, and sandy soils. These 
bleached soils occur in the Guianas and Brazilian highlands, in Vene¬ 
zuela and Bolivia. Large expanses of the red earths (Latosols) are 
found in Southwest Brazil. 

In Uruguay, Paraguay, Southern Bolivia, and Northern Argentina 
are found the soil groups which develop under drier climatic conditions, 
such as Chernozems or black earths, and Reddish-Chestnut, Chestnut, 
and Brown soils. 

Chestnut soils occur in the central part of Chile and southern part 
of Argentina (Western Patagonia). Soils of the Mountains and Moun¬ 
tain Valleys are distributed in Mexico, Guatemala, El Salvador, and 
the Andes, which run from north to south of the South American con- 
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tinent near the western coast. Desert soils are found in Mexico, Peru, 
Chile, and Argentina (Patagonian Plateau), and Gray-Brown Podzolic 

soils in Chile and Argentina. ... , . , 

Alluvial soils occupy large areas of riverain and coastal country, 
but their widest distribution occurs in the Amazon Basin and Parana 

Val (b) Field experimental work has been conducted in various parts 
of Latin America. It is fully recognized, however, that m relation to the 
large areas involved, much more needs to be done. It is significant that 
even the more productive soils, such as the black earths found in 
Uruguay, give responses to phosphorus. Alfalfa (International Bank 
for Reconstruction and Development and the Food and Agriculture 
Organization of the United Nations, 1951 PP . 6, 41 42) has shown 
marked responses to phosphorus in a number of field experiments on 
soils in Canelones and Colonia conducted by the Agncultural Experi¬ 
ment Station at Estanzuela and by the Institute of Industrial Chem- 
istrv Recently at Estanzuela superphosphate increased the yield of 
alfalfa-rye grass mixture over three and one-half times. Present evi¬ 
dence based on field and laboratory tests, indicates that at east one- 
half and possibly three-fourths of the soils of Uruguay should receive 

phosphorus fertilizer for the successful growth of alfalfa 

In Chile, for instance (Ignatieff et al., 1949, p. 75), experiments 
have been conducted with wheat on different soil types at thirteen ex¬ 
periment stations. At five of these stations increases in yields were 
secured with phosphorus; at another four nitrogen was the most un- 
portant plant nutrient; and at two other stations both nitrogen and 
phosphorus were needed. At two stations no significant increases were 
obtained with nitrogen, phosphorus, and potassium applied singly or in 

combination^ conducted with wheat have also shown the 

need for phosphorus. In Guatemala potatoes are grown in some of the 
high mountain valleys. In rotation with potatoes, legumes necessary to 
maintain soil fertility are planted. For legumes, superphosphate is 

essential; without it, growth is very poor. 

(c) Laboratory methods of testing soils are also in use in many 
Latin American countries. Chemical tests of soils in Latin America 
confirm the results of field experiments, viz., that many soils need 
additional phosphorus to maintain crop and food production at adequate 
levels. 

In Latin America there are approximately 32 million hectares of 
cereals (wheat, rye, corn, oats, barley, and rice) besides some millions 
of hectares of roots, tubers, beans, and other crops. The present average 
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rate of application is approximately only 1.8 kg. P 2 0 5 per hectare of 
cropped land. It is therefore suggested that a reasonable appraisal of 
need by 1960 for Latin America would be about 600,000 tons P 2 0 5 from 
commercial sources, which would provide for an average rate of ap¬ 
plication of approximately 10 kg. P 2 0 5 per hectare. 

d. Oceania. Australia is a very old land in the geologic sense and 
many of the soils are exceedingly leached, some under more tropical 
conditions than now exist. With a few exceptions the soils of Australia 
(Bulcock, 1952; and Stephens, 1952) are notoriously deficient in phos¬ 
phorus. Many soil types in South Australia and in parts of western 
Australia also require the application of copper, molybdenum, and zinc 
for the good growth of legumes. “Nitrogen may also be limiting, but 
except for the use of nitrogen fertilizer on stubble-sown oats and bar¬ 
ley, it has been found more economical to use peas and legumes to re¬ 
plenish the soil nitrogen than to apply nitrogen fertilizers.” 

Before phosphorus came into common usage, Australia imported 
hard wheats. Now this country is one of the major wheat exporters, as 
a result of phosphate fertilization, although production has fallen off 
recently for economic reasons. 

The poor native grasses of coastal Australia carry about one ewe per 
hectare. The introduction of legumes and good-quality grasses, which 
has been made possible by the use of phosphorus, has increased the 
carrying capacity of sown pastures up to seven or eight ewes per 
hectare. 

In Australia, phosphorus applications are required by nearly all 
crops, including fruits, vegetables, cereals, linseed, intensive pastures, 
and sugar cane. The usual application of superphosphate is approxi¬ 
mately 100 kg. per hectare (22 kg. P 2 0 5 ). Applications tend to fall be¬ 
low this value for wheat, especially in the areas of lowest rainfall, and 
to rise above it, to maximum dressings of approximately 250 kg. per 
hectare, in the case of sown pasture where water is reasonably 
abundant. Vegetables and potatoes receive larger applications. 

Approximately 90 per cent of the fertilizer used in Australia is 
superphosphate. A great proportion of it is used on seeded pastures of 
subterranean clover with various grasses on podzolic and lateritic 
podzolic soils in southern, eastern, and southwestern Australia, and on 
the red loams (Latosols) of northeastern Australia. However, the 
superphosphate used on the podzolic soils is predominantly applied to 
pastures and sown crops in Tasmania, Victoria, and New South Wales 
rather than to sugar cane and other crops as on the soils in Queensland. 
Superphosphate is also used in considerable amounts on the wheat crop 
on soils which are termed red-brown earth and mallee (the equivalent 
of Reddish-Chestnut and slightly saline Reddish-Brown soils). 
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Phosphorus is not used to any extent on the heavy-textured black 
earths of eastern Australia that contain up to 0.4 per cent phosphorus. 
These soils are used to a fa.rly large extent for pasture and wheat pro¬ 
duction There is a limited use of superphosphate on alfalfa when 
irrigated and on some of the other great soil groups wh.ch are used to a 

limited extent for crop production. 

In New Zealand, though mature soils do occur (Wild, 1945 p. 58), 
the greater proportion of the soils are still young, and characteristics 
7Z parent material have a pronounced influence on the properties 
of the soils. On the .basis of the parent material the New Zealand so Is 
can be classified as alluvial soils, volcanic ash soils, limestone soi s, 
oaoua soils (blue calcareous soils), greywacke soils, and swamp soils. 
The limestone and the papua soils have the highest natural fertility. 
Many of the soils from volcanic ash are deficient in plant nutrients, 
particularly phosphorus, and some of these soil types are too low in 
cobalt. Many of the soils from mudstones are notoriously low in phos- 

Ph °The outstanding feature of New Zealand soils is their need of phos¬ 
phorus fertilizers. Increased yields from phosphorus are obtained with 
almost all crops on almost all soil types. In act, some of the greatest 
responses to phosphorus on ranges in the world are reported from New 
Zealand. Hill pastures are now quite commonly treated with phos 
phorus fertilizers by aircraft. Some of the soils particularly in North 
Auckland, are high phosphorus “fixers.” In the case of swedes and 
turnips (Wild, 1945, p. 54), as little as 100 kg. of superphosphate per 
hectare makes all the difference between no crop at all and a good crop^ 
On pastures, especially in the moister parts of the North Island, the 
effect of a dressing of basic slag, superphosphate, or superphospha e and 
lime is phenomenal. For potatoes, mangolds, and generally for all root 
and fodder crops, phosphorus is essential, and there is no doubt of the 
good results obtained with this plant nutrient element even on cereals 
such as wheat and oats. Superphosphate accounts for 90 per cent of the 
total fertilizers normally used in New Zealand. In bringing new pumice 
(volcanic ash) country under cultivation (Wild, 1945, p. 37; Saxby, 
1948, p. 125; Ignatieff, 1949, p. 18) as much as 1150 kg. per hectare of 
superphosphate is used, if available, at time of sowing the pastures. 
Usually 375 kg. per hectare are applied at seeding in the fall, 375 kg. 
as top-dressing the following spring, and 375 kg. the following autumn. 
Thereafter, annual dressings of 375 kg. per hectare are sufficient to 
maintain a good production level. Italian rye grass and white clover 
make the best sown pastures. On soil types not markedly deficient in 
phosphorus (Wild, 1945, p. 171), yearly applications of 125 to 250 kg. 
of superphosphate per hectare are deemed to be sufficient; for turnips 
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and swedes, 200 to 300 kg.; for cereals, 125 to 250 kg.; for potatoes, 
375 to 525 kg.; and for peas, beans, and vetch, 125 to 375 kg. of super¬ 
phosphate per hectare. 

New Zealand (New Zealand Government, 1952) is the largest ex¬ 
porter of dairy products, the second largest exporter of wool, and one 
of the largest exporters of meat. This country has great potentialities 
for expanding food production and is making extensive efforts to de¬ 
velop these resources. A recent careful survey of the food-producing 
potential of New Zealand indicates that, provided the necessary fer¬ 
tilizers are available, it will be possible to increase farm livestock num¬ 
bers by 30 per cent during the next two decades. A large expanse of 
some 9 million hectares of occupied but unimproved hill country is 
capable of being improved, and this is systematically being surveyed 
and developed. The scope for developing hilly country has been in¬ 
creased considerably by aerial top-dressing methods which now account 
for the spreading of 7 to 10 per cent of all fertilizer used in New 
Zealand. If fertilizers were more freely available, an expanded program 
of top-dressing hilly soils with phosphorus fertilizer would be under¬ 
taken. In pasture improvement, the less rolling (but unplowable) hills 
are cleared and oversown with improved strains of grasses and clover 
and the land top-dressed with phosphorus. This treatment will increase 
the carrying capacity by 200 to 300 per cent. Where the land is too 
steep for surface cultivation, the pastures are oversown with clovers 
and top-dressed with phosphorus fertilizer. Such a treatment increases 
the carrying capacity by 100 to 150 per cent. Virgin land that could be 
plowed principally for dairy farming could be expanded to 40,000 or 
60,000 hectares annually if phosphorus fertilizers were more freely 
available. 

In considering the agronomic phosphorus needs of Oceania as a 
whole, it is probably reasonable to suggest that by 1960 this region 
could use 900 thousand tons P 2 0 5 if this quantity of phosphate fertilizer 
were available. 

e. Europe. The agricultural area of Europe (exclusive of the 
U.S.S.R.) is 248,000,000 hectares. Of this total (Food and Agriculture 
Organization of the United Nations, 1951b) 148,000,000 are arable, in¬ 
cluding orchards and fallow, and 100,000,000 hectares are in permanent 
pasture. The chief crops grown are 75.2 million hectares of cereals— 
wheat, rye, oats, barely, com, and mixed grains in the order noted; 
9.5 million hectares of potatoes; 6.3 million hectares of grapes; 3.1 
million hectares of dry beans; and 2.3 million hectares of sugar beets. 
Smaller acreages of other crops, including peas, broad beans, oil seeds, 
cotton, chick peas, lentils, grapes, millet, and sorghum, orchard crops, 
rice, citrus fruit, etc., are also grown. 
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In the year ending June 30, 1951, 2,534,881 tons of PA were used. 

The ceneral pattern of consumption is that the largest amounts of phos- 
XnG g j rprpals especially wheat, and smaller 

phorus tad™ «* "“L v, get ,L,. o.h.r «illed cop,, 

sss srir . T , m i *** _ 

-?>■ ^ »p» 

being intensively ^ f or a ] ar g e r and more efficient 

Of m,e™.io,»lJ increasing crop and food 

u ,e of ,,,'ongfy recommended. As invesligalion, on the 

production is being g} , under way and as participating 

sta tus of consinnp“ To such work 

C ° li n rlSfv a Ihe position of commercial fertilizers in European agricul- 
slid be noted that in Europe about half of the plant nutrients 

3 in crop production are supplied from organic sources such as farm 
used in crop j chemical fertilizers alone does not, therefore, 

”“Ta balamtetfpicture, although i, is a vital and increasingly i- 

P ° r T^t bylhe'orl^SS 1 fCfumJean Economic Cooperation 
C1Q50') on the use of fertilizers emphasizes that, with a limited agricul- 
. 195 i°>Li an increase in agricultural production must of necessity, in 
thelirst place, come from intensifying production in the existing areas^ 
Together with good farm practices, high productivity can be achieved 
bv an increased and more efficient use of commercial fertilizers. The 
report further notes that the use of such fertilizers will also help in the 

greater production of animal manures. It says: 

g “In the cycle of fertility, the use of commercial fertilizers plays a 
most important part, resulting not only in a higher production of market 
crops but also of fodder, providing for a greater number of bv«tock or 
improved feeding of existing stock, on which follows an ”£reased 
availability of plant nutrients in a particularly suitable form for both 


In a continent where fertilizers have been used for such a long 
period, it is inevitable that consumption patterns vary considerably 
from one country to another. In appraising the present and potential 
need for chemical phosphoric acid, the position will be more clearly 
understood if the two chief patterns are briefly described. 

One characteristic of the use of phosphorus in Europe as a whole is 
that in many countries, in comparison with the use of nitrogen and 
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potassium, the use of phosphorus is relatively low in contrast to its use 
in North America. For instance, in 1950-1951 Germany used 361,600 
tons of nitrogen, 411,400 tons of P 2 0 5 , and 659,000 tons of K 2 0. This is 
characteristic of several countries. 

The relatively low consumption of phosphorus, especially in rela¬ 
tion to potassium, in some countries is due to the fact that Europe pro¬ 
duces nitrogen and potassium fertilizers largely from indigenous mate¬ 
rials and in excess of her needs, whereas phosphorus fertilizers are 
manufactured from imported rock. The cost per unit of chemical phos¬ 
phoric acid is often higher than the cost of a unit of potash. 

Despite these economic factors, however, there are sound agronomic 
reasons for using potassium in larger amounts in some areas. To the 
south of the Baltic, lying east and west, are large and important areas 
of organic soils. Potatoes and sugarbeets are important crops. Both the 
kinds of the soil and the crop demand large tonnages of potassium for 
maximum production. South of the organic soils are the soils of the 
temperate grasslands and forest lands in Central and Southern Europe, 
which require essentially phosphorus, especially when planted to cereal 
crops. In northern Europe are the soils of the temperate forests requir¬ 
ing phosphorus, possibly more than any other element, especially if 
nitrogen is provided from legumes and manures. In southeastern 
Europe are found the soils of the temperate grasslands, which also 
require phosphorus. 

These basic variations in soils and crops are roughly related to the 
pattern of fertilizer consumption in different countries. For example, 
Belgium, Denmark, the Netherlands, and Germany, all with large and 
important areas of organic soils, use much more potassium than phos¬ 
phorus. Total consumption in 1950-1951 was 700,100 tons of P 2 0 5 and 
1,019,000 tons of K z O. In contrast, the United Kingdom, Sweden, and 
Finland used 546,200 tons of P 2 0 5 and 215,600 tons of K 2 0 in the same 
year. Switzerland and Italy together consumed 330,000 tons of P 2 0 5 
and only 32,000 tons of K 2 0 in 1950-1951. The consumption in the 
Netherlands and Italy is noted as typical of the use of phosphorus in 
different areas. In the Netherlands, consumption is estimated to be 
approximately 120,000 tons of P 2 O r „ which is used as follows: cereals, 
21 per cent; potatoes, 14 per cent; sugarbeets, 3 per cent; tubers, 3 per 
cent; various others, 24 per cent; and grassland, 35 per cent. For tillage 
crops, 60 kg. P 2 0 :i is applied per hectare; for horticultural crops, 90 kg.; 
and for grassland, 40 kg. 

In Italy approximately 7 million hectares of cereals are the main¬ 
stay of the food supply. Wheat occupies 4.7 million hectares and maize 
1.2 million hectares. Half the phosphorus supply of 240,000 tons of 
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PA is used on wheat. An estimated 18 per cent is used on grassland 

and^the remainder oni odier crops^ commercial fertiliz ers is that 

An area of low u* ofptajta**- the available supp l y of phos- 
in Eastern Europe. In Eastern ■' . estimated at 66,000 tons 

P T S ^ 0 in i d 95i n ThiHoTnage provided approximately 10 kg. per 
PA m 1950-1951. This tonnag P w hereas the rea l need 

hectare of agricultural a mU ch. If the same rate of con- 

is much higher, possibly ree Eastern Europe, the consump- 

sumption holds true for the countries o high . Con- 

tion of phosphorus is low'an e ]P® been $et up for C0U ntries of the 
sumption targets for all er l Cnoneration (1950) as part of the 

Organization for European j pro duction. These countries 

present program of mcreasing <’f C " “ any , Greece, Iceland, 

a re: Austria, Belgium, en , Neth ’ erlands> Norway, Portugal, 
Ireland, Italy, ^^° stp 8, Turkey , and the United Kingdom. These 
Sweden, S ^ erla ™J’ . ^ in consumption for all fertilizers of 
targets project an ™« ral \“®^ ar ^ £ attained by 1952-1953. 
about 86 per cent hig er p 0 f p o ; is set 

Within this overall «.!‘ ‘cou„,rie, 
up for the Organization for European con _ 

AU countries 2 n 53 4 U JSS e tom C p!o j . g In some countries consumption is 
Tt N lol Seventy five million acres of cereals are vital to the food 
pSuchon oTEurope. Much of this acreage requires more phosphorus, 

- - p -°> > - 

sidered unreasonable. the United States). The crop 

/. Northern men g tates j s 517,912,000 hectares, of which 

area of Canada and the including fallow and orchards. 

090 488 000 hectares are arable land, mciuu b 

and 297,424,000 hectares are permanent meadows and pastures. The cl,- 
rviatir mnffe is from arctic to subtropical. 

With other necee.-ry ierHto, the l.llo™ng 
nhorus fertilizers were used on the crops noted in 1950-1951. In the 
United States, 2,044,924 tons PA were used on twenty-one crops 
(Fertilizer Work Group, 1951). In thousands of tons the chief fer¬ 
tilized crops were: com, 442; pastures, 360; hay, 229; wheat, 2-0; oats. 
162; vegetables, 163; cotton, 138; and 331 on fourteen other crops 

The 6 potential phosphorus fertilizer need of the United States is 
presented by Parker in Chapter XIII; therefore, only a few general 
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statements in regard to this country need be made. The United States 
can be conveniently subdivided into five soil regions. The soils of the 
North and Temperate Forest Region, the Podzols and podzolic soils, 
and those of the Warm-Temperate Forest Region, the Red-Yellow 
Podzolic, and associated soils are naturally deficient in phosphorus. 
There are, however, notable exceptions, as for instance the bluegrass 
region of Kentucky, the Central Basin of Tennessee, and the Alluvial 
and loessial soils of East Tennessee and Mississippi, which are relatively 
high in available phosphorus. In the third soil region, that of the 
Temperate to Warm-Temperate Grassland, the Prairie soils, although 
naturally fertile for sustained cropping, need phosphorus, as do some 
of the soil types in the Chernozem belt, and especially so when irri¬ 
gated. This also applies to the Brown, Chestnut, and Reddish-Chestnut 
soils. 

The soils of the desert region, w r hen irrigated, as a general rule give 
good responses to phosphorus but the more soluble forms of phosphorus 
fertilizers have to be used. The soils of the mountains and mountain 
valleys comprise a great variety of soils with greatly varying phos¬ 
phorus content and crop responses (Kellogg, 1941). 

Parker in Chapter XIII states that the 1955 goal of 3,429,000 metric 
tons P 2 0 5 for phosphorus fertilizer consumption seems adequate for the 
United States crop production goals and for substantial improvement 
in the phosphorus fertility of the soils. 

The Canadian agricultural soils vary considerably in their mor¬ 
phological and chemical characteristics (Stobbe, 1952). In Eastern 
Canada and British Columbia acid Podzol and Brown Podzolic soils and 
associated poorly drained and Alluvial soils are used extensively for 
crop production, whereas in southern Ontario Gray-Brown Podzolic 
soils form the dominant agricultural land. In the Grassland region of 
the three Prairie Provinces, Brown, Dark Brown, and Black soils form 
definite belts as one proceeds from the dry to the more moist climatic 
zones. In the northern forested region of these three provinces Gray- 
Wooded soils are increasingly utilized for agricultural production. 

Phosphorus is limiting for maximum production on most of these 
soils. On the Podzol, Brown Podzolic, and Gray-Wooded soils phos¬ 
phorus fertilizers almost consistently give yield responses. In addition, 
most Gray-Brown Podzolic soils, unless heavily manured, respond to 
phosphorus applications. The response to applied phosphorus on the 
Black, Dark Brown, and Brown soils of the Grassland region depends on 
the moisture supply. Crop increases from phosphorus are generally ob¬ 
tained on summer-fallowed land in the case of the less arid soils, but in 
the Brown soil region increases are obtained only under favorable con- 
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... „, u!in „ summer-fallow on heavy soils, or under irrigation. There 
t , consWefable variation in the response lo phosphorus among the 

Jifferent sods belonging a ‘ e ^pLphorus utilized for 
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eastern zone 78 for pW »*«* C „ast, 3, for 

prairies, 40, almost entire y possible phosphorus fertilizer need 

general crops. No ^“^^stSTerved in report, or 
in Canada by *'“ d agrono mic needs it might be suggested 

could be in the order of 165,000 memo tons of 

P ’°^r foregoing it is estimated that by I960 about 3,600,000 
metSTon” 5 PA for Northern Amertc. is no, an —able 
appraisal of the need for phosphorus. 

4. Conclusions 

a fmmrt nrnduction, especially in the industrially 
A larger crop and P of much more phosphorus 

under-developed• repons ’ r ^ u * 1950-1951. That this supply is of 

0,a»d,e5.7nnn»nto~PA»^» ^ at , ested by , he ta „ 

growing o, phosphorus fertilizer has increased 

’ ha * ,he "nf, 8 “o P “ tons PA from 19«-19« to 1950-1951. 
approximate y • ted it$ s i iare t0 t his increase. 

Every continent has^con increase in consumption that the sup- 

In fact so rapid has been thi inc ^ lar , of native or elemental 

ply of high-grade «w demand. As a result, during the 

Us'l «0 yea”! Sure of phosphorus has been limited ,0 some extent 

by the available "jpg’- w h wiU eve ntually be overcome, there 

Despite these ddficu ties - hich much hi her than the 

is n o doubt that the world need foyhosp ^ ^ ig50 _ I951 . 

consumption o • fl on w hich the major crops are grown, 

Based on considerations of the ! us ratg of world increase in 

crop res P° nses ° P P ■ f ’ od needs for growing populations, the 

consumption mcmase nutr ition and other factors, it 

1. million tons P,0, could be usefully 
used^ 1960, were that tonnage available and this rate of consumption 

efficient use of fertilizers depends upon efficient soil manage¬ 
ment. But the possibilities for better husbandry in any country are 
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TABLE VII 

Present Phosphorus Fertilizer Consumption and Potential Needs by 1060 


1950-1951 1959-1960 


Continent 

(Thousand metric tons) 

Asia 

*95 

1,400 

Africa 

144 

800 

Latin America 

111 

600 

Oceania 

490 

900 

Europe 

*,535 

3,700 

North America 

*,133 

3,600 

World Total 

5,708 

11,000 


ultimately associated with the development of the economy as a whole. 
Thus we must expect the actual use of fertilizer to depend not only on 
the needs of the soils and crops but also on the general level of economic 
activity. Even w r here phosphorus fertilizer needs are demonstratively 
great, large increases in use will only come along with the general 
economic and social development. These two factors are outside the 
scope of this paper. Nevertheless, as a measure of the total amount of 
phosphorus fertilizer that could be gainfully used, if world conditions 
permitted its use, 11 million tons P 2 0.*, is suggested as a reasonable 
future world target. 
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Calcium orthophosphates, 30 °- 30 ^’ 303 

rtVincnhates. 91-94, 95, 96, 99, 


100 

basic, 310-312 
Calcium sulfate, 398 
Carbonate-apatite, 90, 94, 95 
Carbon dioxide and availability of soil 
phosphorus, 248, 250 
Cation exchange-anion exchange ratios, 
171-172, 174 

Citric acid method, 316, 317-322 
Clay minerals, effects on phosphate re¬ 
tention, 73, 77 

reaction with phosphates, 105-106 
Concentrated superphosphate, 191, 201, 
212, 216, 226, 234 
Contact exchange, 55 
Crop growth, correlation with soil tests, 

166-172, 178 

relation to phosphorus level, 166-169, 
170, 172, 178, 183 

Crop residues, phosphorus availability, 
244-246 

Crop utilization of phosphorus forms, 
78-79 

Crystallinity of phosphate fertilizer ma¬ 
terials, 302, 305-306 

Cunninghamella method, for phosphate 
availability, 166, 328, 329 


D 


Deep tillage, 268 ... 

Defluorinated rock phosphate, 214, w, 
334, see also Calcined phosphates. 
Fused tricalcium phosphate 
Dicalcium phosphate, 212, 213, 235, 300, 
302 
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E 

Evaluation of phosphate fertilizers, alka¬ 
line ammonium citrate extraction, 
316, 317-322 
Azotobacter method, 328 
biological methods, 328-330 
citric acid extraction, 316-322 
Cunninghamella method, 328, 329 
extraction methods, 314-322 
field experiments, 190-232, 431-435 
history, 313-317 
laboratory methods, 313-330 
Neubauer method, 329, 330 
neutral ammonium citrate extraction, 
314-316, 317-322 
tracer technique, 49-52, 232-233 
water extraction, 314, 317-322 
Evaluation of soil-testing methods, bio¬ 
logical, 174-175 
chemical extraction, 173-174 
Extractable phosphate, 113-115 

F 

Farmyard manure, availability of phos¬ 
phorus, 246-247, 431-432 
reducing phosphorus fixation, 251 
Feeding power of plants, 54-56, 196 
Ferrophosphorus, 382, 399 
Fertilizer phosphorus, absorption rate, 
45-4$ 

influence on growth and yield, 47-48, 
232-233 

influence on composition, 48-49 
Fertilizers, band placement, 441, 442 
caking of, 393-394 

consumption in Great Britain, 429- 
431 

drillability, 393-394 
granulation, 394—395 
particle size, 393 

Filter cake, byproduct from sodium phos¬ 
phate, 398 

Fineness of phosphate fertilizer mate¬ 
rials, 306-312, 334, 335 
Fixation of applied phosphorus, 250-251, 
255-258 

Flavin nucleotides, 20-22 


Fluorapatite, 194, 195, 300, 301, 352, 
353, 378 

Fluorine, byproduct from phosphate 
manufacture, 397 

Forms of phosphorus in soils, biologi¬ 
cally available, 153-154, 164-166 
chemically soluble, 153-154, 161-164 

Fused tricalcium phosphate, 305, 308, 
333, 334, 382—383, see also Defluor- 
inated rock phosphate 
crop response, 214, 215, 235 
fluorine content, 214 
particle size, 214 

G 

Green manures, availability of phos¬ 
phorus, 244-246 

Growth curves, 47-48 

Guano, 354—355 

H 

Humus extracts, solubility of soil phos¬ 
phorus, 248 

Hydrated sesquioxides, reactions with 
phosphate, 70, 75 

Hydroxylapatite, 90, 91, 92, 93, 95, 116, 
154, 195, 301, 378 

L 

Land utilization, in Great Britain, 427- 
429 

Lecithin, 224 

Liming, effects on phosphate availability, 
281-296 

effects on phosphorus in crops, 286-287 

Liquid phosphoric acid, 223, 236 

M 

Marling, 282 

Microbiological transformations of phos¬ 
phorus, 244, 245 

Monocalcium phosphate, 300 

Movement of phosphorus in soil, 261 
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N 

Neubauer method, for evaluating phos- 
phate fertilizers, 329, 330 
Nitric phosphates, analyses, 389 
as phosphorus sources, 225, 227, 236 
production processes, 387-390 
relationship to fixed-nitrogen industry, 

389 391 

Nitrogen fertilizers, effect on soil pH, 
104 

Normal superphosphate, 324, 325, see 
also Superphosphate 

Nucleic acids, 133-135, 154, 223 

Nucleoproteins, 16-18 

Nutrient value of phosphate fertilizers, 

330-337 


O 

Ordinary superphosphate, 378-381, see 

Superphosphate 

Organic anions, effect on phosphorus up- 

take, 249 ..... 

increasing phosphorus solubility, 249- 

250 v J 

Organic materials, phosphorus supplied 
by, 244-247 

Organic phosphates, availability of, 223, 
224 

in soil, 90, 404—406 

P 

Phosphate, absorption by plants, 6-8 
bond energy, 18, 24*-26, 37-38 
in cell sap, 1, 2 
deposits, domestic, 347-371 
Florida hard-rock field, 362-363 
Florida land-pebble field, 357-362 
Tennessee brown-rock field, 363-364 
distribution in plants, 9-12 
extractable, 113-115 
fertilizers, see Phosphorus fertilizers 
fertilizer materials, citric acid solubil¬ 
ity, 318, 336 

degree of crystallinity, 302, 305-306 
fineness, 306-312, 334, 335 
specific surface, 309-310 
variability, 302-312 
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water-solubility, 300, 301, 306, 325- 
327 

fixation, 67-72, 79-80, 435-438 
in glycolysis, 28-31 
ions, rate of reaction in soil, 76 
minerals in soils, 68, 71 
miscellaneous, availability to plants, 
224, 236 

reactions in soils, 67, 70, 71, 74, 76 
rock, 

definition, 377-378 
production in U.S., 358 
resources and reserves in U.S., 358, 
364-368, 370-371 
solubility, 301, 308, 335-337 
world sources and production, 452, 
454 

see Rock phosphate 
role, in carbohydrate breakdown, 28-32 
in carbohydrate synthesis, 32-37 
in photosynthesis, 33-37 
solubility, effect of pH, 101-104 
effect of Ca 44 activity, 103-104 
effect of CaCOi, 104—105 
tailing, disposal problems, 397-398 
utilization, by crops, 78-79 
water-soluble in soils, 1-6 
Phosphatized rock, 354 
Phospholipids, 12-13, 132-133 
Phosphoric acid, dissociation constants, 
94 

production from phosphorus, 385-386 
world production, 189 
Phosphorites, marine, 352-353 
residual, 353 

Phosphorus, absorption by plants, 1-8 
amount of, 43-44 

influence of soil and fertilizer phos¬ 
phorus, 45-46, 52-56 
absorption processes, contact effects, 
contact, 54-55 
description of system, 53 
availability, development of soil tests 
for, 155-166 

effects of soil management, 243-273 
content of crops, 443 
cycle, 291-294 
deficiency symptoms, 12 
electric furnace, 385 
in energy' transfers, 24-37 
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fertilizers, see Phosphorus fertilizers 
fixation, 250-251, 255-258, 289-291 
forms in plants, 293 
organic, amounts in soils, 131-132 
determination in soils, 123-131 
differentiation from inorganic phos¬ 
phorus in soils, 123-125 
distribution in soil profiles, 131-132 
forms in soils, 132-136 
importance in plant nutrition, 141— 
144 

inositol phosphates in soils, 135-136 
mineralization in soils, 137-141 
nucleic acids in soils, 133-134 
phospholipids in soils, 132-133 
stabilization in soils, 136-137 
placement, see Placement of phos¬ 
phorus 

requirements of U. S. soils, 419-424 
responses in field experiments, 431 
in soils, see Soil phosphorus 
subsoil, see Subsoil phosphorus 
Phosphorus fertilizer, citric acid solubil¬ 
ity, 318, 336, 434, 435 
comparison of availability determina¬ 
tions, 232, 233 

consumption in Europe, 480-481 
effectiveness of different forms, 432- 
435 

effects of liming, 443-445 
efficient utilization, 446 
evaluation, by biological methods, 328- 
330 

by extraction methods, 314-322 
by laboratory methods, 313-330 
frequency of application, in rotations, 
256^257 
to pasture, 257 
granular, 435 

laboratory evaluation, 299-340 
methods of application, 440-443 
neutral citrate solubility, 301, 303, 
304, 306, 308, 309, 311, 312, 314- 
316, 318, 323, 325-327, 333-336 
1960 potential needs, 484 
nutrient value, 330-337 
phosphates present, 302-304 
quality control, 337-340 
rates of application, 419-423, 439-440 
reactions with soil, 97-106 


recommendations based on soil tests, 
179, 180-181 

requirements, by continents and coun¬ 
tries, 462-483 
by soil regions, 459-462 
residual effects, 253-254, 434, 437-438 
supply problems, 457-458 
time of application, 439-440 
usage in Great Britain, 427-447 
U. S. requirements, 423-424 
world, consumption, 450, 451-457 
production, 451-457 
requirements, 458-484 
Photosynthesis, 33-37 
Phytin, 13, 135-136, 154, 224 
Placement of phosphorus, depth, 259, 
261, 263, 264 

drilled vs. broadcast, 258, 259, 260 
in establishment of pasture, 260-261 
indirect effects on crop responses, 259- 
260 

multiple band, 259 
on crops in the rotation, 257-260 
on established pastures, 261-264 
subsoil fertilization, 269 
subsurface, 263-264 
top-dressing pastures, 261-263 
Plant composition, 48-49 
Plant residues, effects on availability of 
soil phosphorus, 249-250 
Potash-phosphate ash, 399 
Potassium metaphosphate, 219, 220 
Potassium phosphate, 223 
Pyridine nucleotides, 19-20, 26-28 

R 

Radio-phosphorus, 10, 11, 45, 49, 56, 108, 
109, 110, 165, 176, 192, 193, 213, 
232-233, 244, 246, 411 
Raw phosphates, availability, 195-197, 
210 

consumption, 193, 194 
description, 194 

relative efficiencies in different regions 
of U. S., 197-210 

Refixation of phosphorus during extrac¬ 
tion, 157-158, 160, 161, 162, 163 
Residual effects of phosphorus fertilizers, 
107-108, 115-118, 253-254, 434, 

437-438 
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Residual phosphate in soils, 6<M>7, 107 

Rhenania 'phosphate, 222, 235, 303 , 433 
Rock 3 phosphate, 55, .93-2.1 234-235, 

294, 350, 377-378, 396, 397 
effect on soil tests, 176-177 
production in North America, 452 
solubility, 301, 308, 335-337 

Rock phosphate-magnesium siticate 

glasses, 222, 223, 235-236, 305, 308 
Root distribution in relation to placement 
of phosphorus, 258-259 


Salt effect, retention of phosphate by 
soils, 77 

Sesquioxides, effect on phosphorus dis- 
solved, 163 

Silicophosphate, 222, 235, 303, 433 

Slag, calcium silicate, 399 

Sodium phosphate, 223 

Soil, acid, effects of lime on crop yields, 

283-236 

colloids, effect on extractable phos¬ 
phorus, 159-162 

moisture, effect on nutrient uptake, 
101 

relation to phosphorus availability, 
270-271 f 

solution, 2, 3 1 

tests, mass analyses, 177 C • 

for phosphorus availability, 155- 

166 

reporting, 178-179 
use of summaries, 181-183 
virgin, phosphorus status, 402-406 
Soil phosphorus, acid-soluble, 62-64, 65- 
66, 156-157 
adsorbed, 64, 72-73 
alkali-soluble, 64, 65, 129-131, 157 
availability, effects of carbon dioxide, 
248, 250 

effects of liming, 281-296 
effects of organic materials, 247- 
250 

optimum pH, 284-286 
tests, 153-183 

calcium phosphate-complexes, 64 
classification, 64 


content in U. S. soils, 401-406 
distribution in profiles, 65-66, 403-405 
effects of cropping, 407-408 
of erosion, 412-413 
of farm manure, 409-411 
of fertilizers, 411-4-12 
of liming, 408-409 
of soluble salts, 97-99 
fertility trends, 413-419 
forms, 90, 153 
fractionation, 65 

influence of management piactices, 
406-413 

influence of supply, on growth, 47 -48 
on phosphorus absorption, 49-50 
on plant composition, 48-49 
lattice, 66-67 
organic, 61-62, 123—144 
residual, 66-67, 107—108, 115-118 
in virgin soils, 402 
water-soluble, 62, 155—156 
Solubility scales, ammonuim and cal¬ 
cium phosphates, 300, 301 
Soluble salts, effect on phosphorus up¬ 
take, 100, 101 

on residual phosphorus solubility, 
98-99 

on root membranes, 100-101 
Specify surface, phosphate fertilizer ma- 
309, 310 

availability, 176, 267 


Subsoil jdiosphorus, 
C distnbution, 266 


positional availability, 267-269 
utilization, 264-270 
in various horizons, 265-268 
Sugars, phosphorylated, 14-16 
Sulfur shortage, effect on superphosphate 
supply, 189, 383-385 
Sulfuric acid, from sulfur or pyrites, 383 
Superphosphate, 190-193, 197, 198, 199, 
20’t), 201, 202, 203, 204-209, 213, 
215, 216, 218, 219, 220, 221, 222, 
223, 224, 227-232, 233-234, 244- 
247, 324, 433, 434, 436, 437, 438, 
439, 440, 453-454 
ammoniated, 227-232, 236 
concentrated, 191, 201, 212, 216, 226, 
234 

granulation, 191—193, 234, 435 
normal, 324, 325 
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phosphatic constituents, 324 
residual effects, 253-254 
solubility, 324, 325 

Surface phosphate, amount in soil, 110, 
115-116 

measurement, 109 

relationship to plant available phos- 
phorus, 111-112 

Surface sorption, by calcined phosphates, 
310-312 

T 

Temperature, effect on phosphate reten¬ 
tion by soil, 76 

Time of phosphorus application, in ad¬ 
vance of planting, 255 
economic considerations, 254 
to established postures, 256 


Titanium phosphates. 66 
Tricalcium phosphate, 212, 235, 311, 377 
Triple superphosphate, 191, 324, 379- 
381, see also Superphosphate 

U 

Uranium, byproduct from phosphate 
manufacture, 392-393 

V 

Vanadium, byproduct from phosphate 
manufacture, 398 

W 

Western phosphates,. 395-396 
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